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MEMORANDUM

TO: Barry Rosen, Ph.D., Senior Supervising Environmental Scientist
Upper District Planning Division, Planning Department

THROUGH: Jayantha Obeysekera, Ph.D., P.E., Director, %/
Hydrologic Systems Modeling Division, Planningfepartment

FROM: Cal Neidrauer, P.E., Senior Supervising Enzineer,_l:,lSM, PD é{

Paul Trimble, Senior Engineer, HSM, PD
Ray Santee, Lead Engineer, HSM, PD T

DATE: May 7, 1898
SUBJECT: Simulation of Alternative Operational Schedules for Lake Okeechobee

In support of the Lake Okeechobee Regulation Schedule Study (LORSS), simulations
of the hydrologic performance of five alternative operational (regulation) schedules have
been completed and the attached final report is submitted to further assist the study.
This report supersedes the April 30, 1997 draft of the same title. The final report
includes the simulation results of the recently developed schedule named WSE; and it
also addresses many of the relevant suggestions made in the September 24, 1997
Planning Aid Letter from the U.S. Fish and Wildlife Service and the Florida Game and
Freshwater Fish Commission.

This report is intended to summarize and present the hydrologic simulation results and
findings of our analysis. Other efforts, not documented in this report, have been, or will
be, performed which address performance of the alternative schedules from water
quality, ecological, and economic perspectives. It is expected that the synthesis of the
findings of these multiple analyses will be prepared by the U.S. Army Corps of Engineers
(USACE) as part of the LORSS.

Our report is intended to provide a technical focal point for further analyses by staff from
the USACE, SFWMD, and the other agencies participating in the LORSS. The report
is not intended to replace USACE documents that are to be prepared for the LORSS, but
rather to serve as a technical report to be referenced by USACE documents prepared
for the study.

If you have any questions, please give me a call at 687-6506.

CNicn:



ce:
Dan Cary, PLD

Bob Hamrick, PLD

Karl Havens, ERD
George Hwa, OMD

Ron Mierau, OMD

Kent Loftin, EXO

Dean Powell, PLD

Al Steinman, ERD

Ray Santee, HSM

Geoff Shaughnessy, OMD
Tom Strowd, OMD

Eric Swartz, OMD

Dave Swift, PLD

Paul Trimble, HSM

Tom Teets, LECPD
Randy Van Zee, HSMD
Carl Woehlcke, LECPD
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1. INTRODUCTION

Purpose and Scope of this Report

in support of the Lake Okeechobee Regulation Schedule Study (LORSS), the system-
wide effectiveness of five Lake Okeechobee operational (regulation) scheduies was
simulated with the South Florida Water Management Model. The major assumptions and
results of this effort are presented in this report to provide other study team members
with information for further analysis. Also included in this report is a precursory
evaluation of the trade-offs between the competing objectives for managing the Lake.
This analysis is offered as an example of a trade-off methodotogy that could be applied
to assist decision-makers in selecting a preferred operational schedule.

Please note that this report is limited to assessing effects on system-wide hydrology and
water supply. Allthe measures of performance presented in this report are based on the
simulation of hydrologic variables. These hydrologicaliy-based performance indicators,
or performance measures, are useful surrogates for ecosystem benefits and impacts:
nowever it is expected that further evaluation of the results from water quality, ecological,
and economic perspectives will be performed by others as part of the LORSS. It is also
expected that the synthesis of the findings of these multiple analysis will be prepared by
the U.S. Army Corps of Engineers (USACE). This report is not intended to replace
USACE documents that are to be prepared for the LORSS, but rather to serve as a
technical report to be referenced by USACE documents.

Background
Lake Okeechobee is the second largest freshwater lake lying wholly within the

boundaries of the United States. The Lake benefits south Florida by storing enormous
volumes of water during wet periods for subsequent environmental, urban and
agricultural needs during dry periods. However, extended periods of high water levels
within the Lake have been identified as causing stress to the Lake littoral zone. In
addition, south Florida's potential for heavy rains and severe tropical storms requires that
water levels in the lake be carefully monitored to ensure that they do not rise to levels
that would threaten the structural integrity of the levee system surrounding the Lake.
Therefore, when water levels in the lake reach certain elevations designated by the
regulation schedule, discharges are made through the major outiets to control excessive
buildup of water in the Lake. The timing and magnitude of these releases is not only
important for preserving the flood protection of the region, but also for protecting the
natural habitats of downstream estuaries and the Everglades.

The muitiple, and sometimes competing, objectives associated with managing the lake
water levels are:

1. Provide adequate flood protection for the regions surrounding the tLake.
2. Meet the water use requirements of the agricultural and urban areas that are
dependent on Lake okeechobee for water supply.



3. Preserve the biological integrity of the estuaries downstream of the Lake's two
major ouilets to tide.

4. Supply water to the remnant Everglades to restore natural hydroperiods.

5. Preserve and enhance the lake’s littoral zone which provides a natural habitat for
fish and wildlife.

6. Meet the recreational needs of scuth Florida.

7. Navigation.

2. OVERVIEW OF THE SCHEDULES EVALUATED

This report presents the hydrologic simulation results and an evaluation of the hydrologic
performance of five operational schedules designed to address the competing objectives
of managing Lake Okeechobee water levels and outflows. The first four of these
schedules include:

(A) the current interim operational schedule (aka Run25);

(B) a schedule originally proposed by the Lake Okeechobee Littoral Zone Technical
Group (LOLZTG, 1988), and later refined (aka Run22AZE);

(C) a schedule proposed by the United States Army Corps of Engineers (USAGE) for the
LORSS (designated as COE); and

(D) a schedule proposed by the South Florida Water Management District’s Hydrologic
Systems Modeling Division (designated as HSM). The SFWMD-proposed schedule also
recommends that the application of recent advances in the fieid of climatology be applied
for increasing the flexibility and efficiency of managing of the Lake water levels and
discharges.

(E) The fifth schedule (designated as WSE), was recently developed by the SFWMD's
Hydrologic Systems Modeling Division to better balance the competing objectives for
managing the Lake; this schedule integrates the concepts introduced in the first four
schedules.

A. Operational Schedule 25 (R25)

Operational Schedule 25, or Run25, is the current operational schedule for Lake
Okeechobee. This schedule was designed specifically for the purpose of minimizing the
impacts of large freshwater emergency discharges that are, at times, required for flood
protection. The deveiopment of this schedule was the result of a comprehensive
analysis of a full spectrum of operational rules and schedules completed by the SFWMD
(Trimble and Marban, 1988). This schedule appears in Figure 1 and is denoted as R25
on the performance measure graphics. R25 was implemented in 1992 for a 2-year trial
period. in 1994, the USACE extended the implementation of R25. R25 was
implemented as an interim schedule with the foundation that:

1. It was a more desirable schedule for the estuary ecosystems than the previous
operational schedule; This was accomplished by limiting the buildup of water levels
during the dry seasons and discharging the required releases to the estuary
ecosystem via pulse releases that more resemble an inflow hydrograph resulting from
a rainfall event; '



2. It did not impact other objectives of managing Lake Okeechobee water ievels and
discharges. n fact there was overall improvement in performance with this schedule.

At the time of adoption of this schedule, it was recognized that trade-offs existed
between the objective of managing the Lake water levels for the health of the littoral
Zone ecosystems and the objective of managing the Lake for increased water supply
capability.

B. Operational Schedule 22AZE (R22)

The desire for managing lower stages in Lake Okeechobee led to the development of
Operational Schedule 22AZE (aka Run22AZE). The predecessor to Run22AZE, Run22
(Trimble and Marban, 1988), was recommended by the LOLZTG (1988) as the most
desirable schedule for the Lake littoral zone ecosystem. Run22AZE was later developed
as an improvement to Run22. The Run22AZE schedule appears in Figure 2 and is
denoted as R22 in the performance measure graphics. It's design includes:

1. Desirable features of R25 for minimizing impacts to the estuaries:

2. The proposal of the concept of an additional zone to the regulation schedule at
lower stages in which releases were made only to southward to the Everglades;

3. An allowance for a large jump in the schedule at the beginning of the wet season.
This allows for the capture of large regional rainfall events, which frequently eccur in
Florida in the month of June, for potential water use during the following dry season.

C. USACE Proposed Qperational Schedule (COE)

The USACE operational schedule is very similar to Run25, but includes the lower zone
introduced by Run22AZE. This schedule is shown in Figure 3 and is denoted as
COE_REC or COE on the performance measure graphics. The features of this scheduile
include:

1. An allowance for a potential increase in storage over Run22AZE immediately after
the peak of the hurricane season:;

2. Discharges to the Everglades in the lowest zone of the schedule are discontinued
at a higher water elevation except during June and July.

D. SFWMD Proposed Qperational Schedule (HSM)

The SFWMD proposal was developed by the authors of this report as part of the Lower
East Coast Water Supply Plan. This schedule appears in Figure 4 and is denoted as
HSM_REC or HSM on the performance measure graphics. This operational schedule
offers guidelines for adjusting water releases from Lake Okeechobee for each zone
based, in part, on a six-month Lake Okeechobee inflow forecast. The methodology for

3



the forecast is described in a separate detailed report (Trimble, Santee and Neidrauer;
1988), and the forecast is computed based on climate indices made regularly available
by the National Oceanographic and Atmospheric Association (NOAA).

The suggested classification of Lake Okeechobee inflows for each climate condition are

listed in Table 1. Table 3 presents other important operational guidelines for the use of
schedule HSM.

Table 1. Climate-Hydrology Classification for Schedule HSM

Condition Dry Dry to Normal | Wet Very
to Wet

6-Month Lake Inflow
Forecast (Million Acre-feet)

The HSM schedule also introduces the same new lower zone as the other proposed
schedules for which water releases are made only southward to the Everglades:
However, this schedule makes southward releases only when the Everglades "needs"
the water (for the purpose of this analysis the "need” was considered to be when
average water levels within each Water Conservation Area were below their respective
flood release zones). Water needs of the Everglades were always pumped (either via S-
7 & 5-8 in the 1990 condition, or via the STAs in the 2010 condition). This proposed
schedule also recommends pumping releases to the Everglades when Lake water levels
are within Zone B in order to reduce the chances for having to make maximum releases
to the estuaries.

In summary, the special features of this schedule include:

1. Flexible operations within each operational zone to improve on water
management efficiency in meeting the objectives of managing the lake water

. levels. This can be best accomplished considering climate indices that are easily
accessible by NOAA; '

2. inclusion of a new lower zone for releasing water to the Everglades. However,
this proposal differs from the other schedules in two ways:

a. water is only delivered south in this new zone when the Everglades is
defined as needing the water;

b. puise releases to the estuaries are allowed under very wet conditions
when the water is not needed for Everglades hydroperiod enhancement;

3. Everglades water needs are always pumped;



4. Zone B releases to the Everglades WCAs are pumped to avoid the potential
for Zone A maximum releases through the Estuaries.

5. During the dry season, releases from the Lake to tide for each zone are
assumed to gradually increase up to the maximum recommended discharge for
the zone at the top of the zone. Steady flows in Zone C releases are assumed
to be initiated at an average magnitude of a Level 3 pulse. This is equivalent to
3000 cfs at S-77 and 1170 cfs at S-80. Zone A releases are increased from Zone
B levels to maximum within the first quarter of a foot of Zone A.

E. SFWMD Proposed Operational Schedule (WSE)

The purpose of the WSE (Water Supply and Environmental) schedule is to integrate the
most desirable features of the first four schedules to develop a schedule which best
balances the competing objectives for managing the Lake. This consolidated operational
schedule is ilustrated in Figure 5. During the dry season (November through May), the
delineation of the lower limit of Zone D was based on Operational Schedule 22AZE.
Other rules are based on those for Operational Schedule HSM, except for the climate-
hydrology classification that is defined in Table 2. Other important operational guidelines
for the use of schedule WSE are presented in Table 3.

Table 2. Climate-Hydrology Classification for Schedule WSE

Condition Dry Normal Wet Very
Wet
l—'_'F—l_—m_‘
6-Month Lake Inflow 0-1.5 1.5-2.0 : 2.0-2.5 >2.5
Forecast (Million Acre-feet)

Schedule WSE was developed after it became evident to the developers of the HSM
schedule that the best features of the first four schedules could be combined to derive
a new schedule which could better achieve a desired balance among the competing
objectives for managing the Lake. Input from several public meetings for the LORSS in
the spring of 1998, and the September 24, 1997 Planning Aid Letter from the U.S. Fish
and Wildlife Service and the Florida Game and Freshwater Fish Commission, provided
additional information which helped, in part, the development of schedule WSE.



Table 3. Other Important Lake Regulation Guidelines (Schedules HSM and WSE)

Zone A
i} During the wet season (June through October) Zone A discharges are initiated
promptly as the Lake water level enters this Zone.

i) During the dry season (November through May) discharges are only increased
to the rate necessary to lower water levels back to Zone B within a reasonable time
frame.

i) Regulatory discharges to the WCAs should be pumped at S-7 and S-8.

Zone B

i) During wet season when S-65E flows exceed 7500 cfs revert to wet condition
regulatory discharge mode. Continue this mode until S-65E flows decline to less
than 1000 cfs, or when water levels fall to Zone C.

iy During the dry season when S-65E flows exceed 5000 cfs revert to wet condition
regulatory discharge mode. Continue until S-85E declines to less than 1000 cfs.

iii) Regulatory discharges to the WCAs should be pumped at S-7 and S-8.

iv) Discharges may be up to maximum capacity as necessary to prevent water
levels from exceeding 18.5 ft, NGVD, for prolonged periods.

Zone C

i} During wet season when S-65E flows exceed 10000 cfs, revert to wet condition
regulatory discharge mode. Continue this mode until S-65E flows decline fo less
than 2000 cfs, or when water levels fall to Zone D.

ii) During the dry season when S-65E flows exceed 7500 cfs revert to wet condition
regulatory discharge mode. Continue until S-85E declines to less than 2000 cfs.

iiiy Regulatory discharges to the WCAs are by gravity at S-7 and S-8.

iv) Pumped flow to WCAs when needed for Everglades hydroperiod enhancement.
This is normally desirable when the WCAs are below their respective schedules.

Zone D
Pumped flow to WCAs when needed for Everglades hydroperiod enhancement.
This is normally desirable when the WCAs are below their respective schedules.

Water Conservation Areas

Discontinue regulatory releases from Lake to WCAs when the WCA levels rise more
than 0.25 feet above the maximum of their upper respective flood regulation
schedules.




General Comments on the use of Climate Forecasts for Lake Reguiation

Table 2 is unique to schedule WSE, but Table 3 is common to both schedules HSM and
WSE. Note from Table 3 that there is a feature which is designed to allow local inflow
conditions at S-65E to override the use of the climate forecast. This feature ensures that
the flood protection criteria will be adequately satisfied even in the case of an
underestimated inflow forecast.

This feature also recognizes, in part, that reai-time LLake Okeechobee operations must
consider supplemental information, including information which are generaily not explicitly
stated in operational schedules or in guidelines. Lake operators have traditionally
considered input from meteorologists, biologists, hydrologists and engineers, et.al., in
making real-time release decisions. Modifying discharges based on weather and/or
climate forecasts is not a new concept and was specifically stated as part of the

operational rules on many of the historical (e.g., 1956, 1858, 1965, 1970, et. al.) regulation
schedules.

The WSE and HSM schedules were both designed to increase operational flexibility.
Considering the dynamic shifting of priorities for managing the Lake, it appears desirable
to design flexible operating rules that give water managers some latitude to utilize best
available multi-disciplinary information, and adjust operations as necessary to achieve a
better balance of the competing objectives. Considering the potential benefits from recent
lake inflow forecasting tools, and the rapid increase in the state-of-the art in forecasting
technology, it makes good sense to establish more flexible rules which allow lake
managers to utilize supplementary information and apply their sound judgement in making
operational decisions.

A general description of the type of methodology that may be used for the Lake inflow
forecast is described in three research papers (Trimble, et al) which are included in
Appendix A. In addition to the climate indices used in two of these studies, another index
was introduced to represent the state of the Atlantic Ocean thermohaline current. The
inclusion of this index was based on discussions with Dr. Christopher Landsea of the
Hurricane Research Division of NOAA. This modification further improved the Lake inflow
forecasts.

Ongoing research at the SFWMD, and collaboration with international experts in the field,
continues to produce improved forecasts. And as the Lake inflow forecasts improve, it is
expected that the proficiency of water management will increase even further.
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Figure 2. Alternative Operational Schedule (R22AZE)
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Figure 3. Alternative Operational Schedule (COE)
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Figure 4. Alternative Operational Schedule (HSM)
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Figure 5. Alternative Operational Schedule (WSE)
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3. OVERVIEW OF THE SFWMM

The South Florida Water Management Model (SFWMM) is a regional-scale, continuous
simulation, hydrologic model that was developed and is maintained by the South Fiorida
Water Management District. The SFWMM simulates the hydrology and water
management of southern Florida from Lake Okeechobee to Florida Bay. The SFWMM
spans a region of over 7,600 square miles with a 2-mile by 2-mile grid; and simulates
the system-wide hydrologic response to daily climatic inputs (rainfall and reference
evapotranspiration). Other areas tributary to Lake Okeechobee (Kissimmee River, C-43
and C-44, et.al.) are also part of the model, even though they are not explicitly simulated
with the 4 square mile grid celis (Figure 5).

The SFWMM simulates infiltration, percolation, evapotranspiration, surface and
groundwater flows, levee underseepage, canal-aquifer interaction. well withdrawals for
irrigation and/or public water supply, and current or proposed water management
structures (canals, spillways, reservoirs, pump, wellfields, etc), and current or proposed
operational rules (regulation schedules, drought management plans, etc). The SFWMM
is not a succession model; that is, it fixes the land use/cover and associated
infrastructure for the entire simulation period. Thus the simulations represent the
response of a fixed structural and operational scenario, to historical climatic conditions.

This provides a very useful means for comparing the effects of alternative structural
and/or operational proposals. '

Original documentation of the SFWMM was completed in 1984 (MacVicar, et al, 1984).
During the 1890's, the SFWMM was significantly modified as part of the Lower East
Coast Regional Water Supply Plan (SFWMD, 1998). Version 3.2 was used for this study
and was the first version to include the simulation of the period 1991-95; thus providing
31-year simulations (1965-95). More recent SFWMM development efforts for the Central
and Southern Florida Project Comprehensive Review Study (Restudy) have occurred
since the April 30, 1997, simulations were produced for the LORSS: however the most
recent version of the SFWMM was not used for the evaluation of schedule WSE.
Version 3.2 was used to simulate the performance of schedule WSE in order to be
consistent with the modeling and base condition assumptions that were used for the
other schedules evaluated in the LORSS; thus allowing for an appropriate relative
comparison between the schedules.

A recently developed comprehensive documentation report of the SFWMM (SFWMD,
1987 draft) has been reviewed by a peer-review panel. Both the documentation report
and the final report from the peer-review panel can be accessed from the world-wide
web (www.sfwmd.gov/org/pid/hsm/sfwmm).
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4. SIMULATION ASSUMPTIONS

Baseline Simulations

Two baseline simulations were developed as part of the Interim Plan for Lower East
Coast Regional Water Supply (SFWMD, 1998). These baseline simulations are referred
to as the 1990 Base and the 2010 Base, and they represent, respectively, "current (circa
1990)" infrastructure & operations, and future (without project) infrastructure &
operations. The 2010 Base can be interpreted as the condition that would result if the
LORSS recommended no-action, or no-change from current operations. Therefore,
Run25 is assumed as part of the 2010 Base condition.

For the LORSS, several study team members met in the fall of 1996 during the
Environmental Performance Measures Workshop and decided that each regulation
schedule should be evaluated using both the 1990 and 2010 baseline simulations. The
. rationale for the decision was based primarily on the uncertainty associated with the
status of completion of the projects included in the 2010 base in 1989 - when the
recommended reguiation schedule is to be implemented. By simulating each schedule
using both the 1980 and 2010 baselines, the performance of the schedules under 1999
conditions (land-use, infrastructure and operations) would likely be bracketed. This
decision actually simplified the analysis since the SFWMM was aiready set-up for the
1990 and 2010 baselines.

a. 1990 Baseline Assumptions

1. 1988 land use and associated irrigation demands for the lower east coast
service area (LECSA). The LECSA includes the developed portions of Paim
Beach, Broward, and Dade Counties.

2. 1989 public water demands at the existing wellfields.

3. 1990 water management facilities and associated operating procedures.

4. Current regulation schedules for WCA-1, WCA-2A and WCA-3A.

5. R25 (Run2b) regulation schedule for Lake Okeechobee.

b. 2010 Baseline Assumptions

Same assumptions as the 1990 baseline with the foliowing differences:

1. Projected 2010 land use and associated irrigation demands for the LECSA.
2. Projected 2010 public water demands based on projections made by local
government comprehensive plans. These were developed for the LECRWSP.
3. Kissimmee River Restoration Project.

4. Everglades Construction Project: 40,000 acres of Stormwater Treatment Areas
(STAs, aka, filtration marshes) and Best Management Practices (BMPs) in the
Everglades Agricultural Area (EAA).

5. EAA BMPs are assumed to not reduce EAA irrigation demands on Lake
Okeechobee.
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6. BMP Replacement Water Rule

7. Modified Water Deliveries to Everglades National Park Project (per the 1992
GDM).

8. C-111 Project (per the 1994 GRR).

9. New WCA-1 regulation schedule (already implemented in 1995).

10. Current regulation schedules for WCA-2A and WCA-3A.

11. Run25 regulation schedule for Lake Okeechobee.

Although, not specifically mentioned in the description of the alternative Lake
Okeechobee operational schedules, the simulation of all five schedules assumed
pumping to the Water Conservation Areas unconditionally when the Lake Levels are in
Zone A. This assumption was made for both the 1980 and 2010 conditions.

2010 Demand Estimates used for the LORSS Simulations

As part of the LORSS and the Central and Southern Florida Project Comprehensive
Review Study (C&SF Restudy), an effort was performed by a USACE consultant to
project LECSA demands through the year 2050. USACE staff subsequently used the
consultant's 2010 demand projections with the spatial and temporal distributions of the
LECRWSP 2010 demand data sets, to develop two additional 2010 demand data sets

to be used for the simulations. These two new demand data sets represented
unrestricted and restricted (with conservation) public water demands.

Simutations were performed to assess the sensitivity of the SFWMM simulations to these
new demand data sets. Four simulations were performed and compared for this
sensitivity analysis: (1) 1990 Base, (2) 2010 Base, (3) 2010 Base with USACE demand
projections for the LECSA (unrestricted), and (4) 2010 Base with USACE demand

projections for the LECSA (restricted). Results of this sensitivity analysis are presented
in Appendix B.

The conclusion from this analysis was that the simulation results were relatively
insensitive to the various 2010 demand projections. Therefore, it was decided to simplify

the scope of the analysis by using only the USACE 2010 demand projections for the
unrestricted case.
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S. SIMULATION RESULTS

An enormous amount of output is generated from each SFWMM simulation. Selected
graphical summaries of the performance of each schedule under both the 1990 and 2040
conditions are presented in Appendix C and D, respectively. Appendix E contains the
graphical performance summaries for the recently proposed schedule WSE for both the
1980 and 2010 conditions. These graphical summaries are called hydrologic
performance indicators, or performance measures. The best hydrologic performance
measures are those which provide a guantitative indication of how well (or poorly) an
alternative meets a specific objective. These hydrologic performance measures are
useful surrogates for ecosystem benefits and impacts; however it is expected that further

evaluation of the results from water quality, ecological, and economic perspectives will
be performed as part of the LORSS.

Most of the performance measures included in this report were developed as part of the
effort to develop the Lower East Coast Regional Water Supply Plan. However, some
additional new environmental performance measures were designed for the LORSS
during a workshop held in September 1996 in West Palm Beach (Appendix F). Software
for these most of these new performance measures was developed by SFWMD staff for
the LORSS; and the graphics are included in the appendices.

Results of the alternative operational schedule simulations, as displayed with the

performance measure graphics, are organized by geographic area in Appendix C, D, and
E, as outlined below.

1990 Condition - Appendix C 2010 Condition - Appendix D

a. Lake Okeechobee a. Lake Ckeechobee

b. Lake Okeechobee Service Area b. Lake Okeechobee Service Area

c. Caloosahatchee & St. Lucie Estuaries c. Caloosahatchee & St Lucie Estuaries
d
e

d. Everglades WCAs . Everglades WCAs
e. Everglades National Park . Everglades National Park
f. Lower East Coast Service Areas f. Lower East Coast Service Areas

WSE Simulations for 1990 & 2010 Conditions - Appendix E
a. Lake Okeechobee

b. Lake Okeechobee Service Area

¢. Caoosahatchee and St. Lucie Estuaries

d. Everglades WCAs

e. Everglades National Park

f. Lower East Coast Service Areas
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6. TRADE-OFF ANALYSIS

To properly choose the best alternative schedule, it is essential to identify and focus on
the most meaningful performance measures. The previous comprehensive evaluation
of over 30 alternative schedules (Trimble & Marban, 1988) identified four key measures
of performance and provided a trade-off methodology which led to the selection of the
regulation schedule that is currently used to manage take Okeechobee (Run25).

A similar trade-off analysis is presented in this section as an example to illustrate the
concept with a new set of performance measures suggested by the authors. The
authors recognize there are other ways of performing the trade-off analysis (Haimes and
Hall, 1874); and they recommend the LORSS study team achieve a consensus on the
most appropriate methodology and the most meaningful performance measures to use.

Section 6 is divided into 4 subsections: (A) Proposed Performance Measures for the
Trade-off Analysis; (B) Results of Trade-off Analysis Comparing Schedules R25, R22,
COE and HSM (original comparison); (C) Results of Trade-off Analysis Comparing
Schedules R25, R22 and WSE; and (D) Summary of Results of All Five Schedules
Simulated for the LORSS.

A. Proposed Performance Measures for the Trade-off Analysis
The following four objectives and associated performance measures were selected by
the authors to perform the preliminary trade-off analysis:

Objective 1. Minimize the number of undesirable lake stage events.
Performance Measure: (refer to pages C-9, D-9, and E-9)
Sum the number of undesirable lake stage events defined as follows:
stage > 171t for > 50 days stage < 12ft for > 1 year
stage > 161t for > 1 year stage < 11ft for > 100 days
stage > 15ft for > 2 years

Objective 2. Maximize the water supply capability of the lake.
Performance Measure: (refer to pages C-15, D-15, and E-15)
Quantify the percentage of Lake Okeechobee Service Area irrigation
demands that were met over the 31-year simulation period.

Objective 3. Minimize harmful high discharges to the estuaries.
Performance Measure: (refer to pages C-12814, D-12&14, and E-12&14)
Sum the number of times mean monthly discharges to the St. Lucie and
Caloosahatchee Estuaries exceeded 2500cfs and 4500cfs, respectively.

Obijective 4. Maximize the improvement to hydropatterns in the Everglades.
Performance Measure: (refer to pages C-39, D-39, and E-39) '
Quantify the percentage of the WCA system area that matches the mean
annual hydroperiod target as estimated by the Natural System Model.
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B. Results of Trade-off Analysis Comparing Schedules R25, R22, COE and HSM
Figures 7 and 8 graphically portray the trade-offs among the competing objectives for
the 1990 and 2010 conditions, respectively. The scales on these trade-off plots were
oriented to show increasing performance with distance away from the origin. Each
aiternative schedule scores a single value on each of the four axes. Thus, a box is
drawn connecting those four points. The bigger the box, the better the alternative
performs. An alternative that is superior to all others has a box that extends farther
away from the origin on all four axes. Values shown on these figures were obtained
from the Appendices (see page 18).

1990 Conditions

From Figure 7 it can be seen that none of the four schedules is totally superior to all the
others, For the 1990 condition, schedule 22AZE does the best for the lake ecosystem,
and schedule HSM does the best for water supply. Schedules 22AZE and HSM tie for
best for the estuaries and the Everglades. Table 4 summarizes the performance relative
to the baseline schedule, R25. The trade-off is clearly between schedules 22AZE and
HSM. Specifically, the trade-off is between water supply and the lake ecosystem
objectives. Schedule 22AZE will improve the ecosystem of the lake, but will decrease
the water supply potential of the lake; Schedule HSM will increase the water supply
capability of the lake, but will worsen the lake's ecosystem. Further analysis of the
significance of the changes from economic and ecological perspectives is necessary to
further assess the trade-offs to determine which schedule is best.

Table 4. Change in performance measures relative to Run25 for 1990 conditions

OBJECTIVE

Schedule 22AZE

Schedule HSM

Schedule COE

1. LOK ECOSYSTEM

2 less times(+)

3 more times(-)

no change

2. WATER SUPPLY

2.5% decrease(-)

3.4% increase(+)

0.5%decrease(-)

3. ESTUARIES

10 less times(+)

10 less times(+)

7 less times(+)

4. EVERGLADES

2.2% increase(+)

2.2% increase(+)

1.2%increase(+)

(+) denotes an improvement relative to schedule R25, (-} denotes a worsening.

2010 Conditions

Figure 8 illustrates that for the 2010 condition, as was the case with the 1990 condition,
none of the four schedules is totally superior to the others. R25 does the best for the
lake ecosystem, and HSM does the best for water supply and the estuaries. All fou
schedules produce about the same performance for the Everglades. Table 5
summarizes the performance relative to the baseline schedule, R25. The trade-off is
again evidently between water supply and the lake ecosystem. But this time the superior
schedules appear to be R25 and HSM. Since none of the schedules improve the
ecosystem of the lake relative to R25, R25 appears to be superior. However, HSM
increases the water supply capability of the lake and decreases impacts to the estuaries,
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but worsens the lake’s ecosystem. Again, further analysis of the significance of the
changes from economic and ecological perspectives is necessary to further assess the
trade-offs to determine which schedule is best.

Table §. Change in performance measures relative to Run25 for 2010 conditions

OBJECTIVE

Schedule 22AZE

Schedule HSM

Schedule COE

1. LOK ECOSYSTEM

2 more times(-)

4 more times(-)

1 more time(-)

2. WATER SUPPLY

4.4% decrease(-)

2.2% increase(+)

1.5%decrease(-)

3. ESTUARIES

7 less times(+)

9 less times(+)

5 less times(+)

4. EVERGILADES

no change

ne change

no change

(+) denotes an improvement relative to R25, (-) denotes a Worsening.

C. Results of Recent Trade-off Analysis Comparing Schedules R25, R22 and WSE
Figures 9 and 10 graphically portray the trade-offs among the competing objectives for
the recently proposed schedule, WSE, as compared with schedules R25 and R22.
Figure 9 illustrates the trade-offs for 1990 conditions, and Figure 10 illustrates the trade-
offs for 2010 conditions. The values shown on the trade-off plots were obtained from
the Appendices (see page 18).

1990 Conditions

As compared under 1990 conditions (Figure 9), the WSE schedule performs better than
R25 and R22. Performance for the Estuaries and the Everglades are superior to R25
and R22; whereas the performance for water supply is as good as that for R25, and the
performance for the Lake Ecosystem is as good as that for R22. Under drought years
(figure E-15B), the water supply performance of WSE is slightly better than that for R25.

2010 Conditions

For 2010 conditions (Figure 10), there is not a clearly superior schedule. The increase
in demands expected for 2010 conditions produce lower Lake stages and fewer -
occurrences of high stage events. Thus there are fewer flood release events as
compared with 1990 conditions. With fewer high stage events, the comparison of the
scheduies is more difficult and less conclusive.

Although 2010 conditions assume increased demands on the Lake, the simulations also
assume the same historical (1965-95) climate regime will re-occur. If the future climate-
regime is wetter than it has been during the past 30 years, then the relative performance
of the schedules may be more like that shown for the 1990 conditions. Certain giobal-
scale climate indicators suggest that south Florida may be currently entering into a much
wetter climate regime which may last for several decades.
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D. Summary of Resulis of All Five Schedules Simulated for the LORSS

Table 6 summarizes the performance of all 5 schedules. From the 1990 Condition
portion of Table 6, it can be seen that schedule WSE is the superior schedule. As
compared with the performance of all 5 schedules, the WSE schedule has the best
results, or ties for best, for each of the four objectives.

From the 2010 Condition portion of Table 6, there is not a schedule that appears to be
superior to the rest. R25 has the best performance for the Lake ecosystem, while HSM
has the best performance for water supply and the estuaries. No schedule is superior
in performance for the Everglades. It is important to recognize the differences between
the 2010 performance of the schedules is relatively small. As noted previously, the
significance of these differences from ecoclogical and economic perspectives is necessary
to select the best schedule. It is also important to note that the differences in
performance between the schedules is relatively small when comparing to the
differences from the 1990 to the 2010 conditions. Thus, to further increase the multiple
benefits for managing the Lake, other water management components such as storage
areas are necessary. The regulation schedule is an important tool for managing the
resource, but it has limitations.

Table 6. Summary of Selected Performance Indicators for All Five Schedules
(shaded cells highlight the best performance for the selected hydrologic indicators)

OBJECTIVE R25 R22 HSM COE WSE
1990 Condition

1. LAKE ECOSYSTEM Qevents | 7 events | 12events | 9 events | 7 events
2. WATER SUPPLY 91.9% 89.4% 95.3% 91.4% 91.9%
3. ESTUARIES 66 times | 56 times | 56 times | 59 times | 55 times
4. EVERGLADES 63.8% 66.0% 66.0% 65.0% 67.8%

2010 Condition . '

t 1. LAKE ECOSYSTEM 6 events | 8 events | 10events | 7 events | 7 events
2. WATER SUPPLY 81.6% 77.2% 83.8% 80.1% 80.9%
3. ESTUARIES 54 times | 47 times | 45 times | 49 times | 47 times
4. EVERGLADES 68.4% 68.4% 68.4% 68.4% 67.8%

. Number of undesirable lake stage events (less Is befter).

2. Mean annual percentage of supplemental irrigation demands met {more is better).
3. Number of times high discharge criteria were exceeded for the Calcosahatchee and St. Lucie Estuaries {less

i$ better).

4. Mean annual percentage of the area of the WCAs that match hydropattern targets within 30 days {more is

better).

21




Water Supply
(% irrigation demand met for the LOSA)

w
T
£ o
QL5
n o
)
OD’)
cJ
I wn

o
2L
o
2o
oD
I ®
X 5
O o

3
g:
< S
_l‘t—-'

o
3

Estuaries
(# times high discharge criteria were exceeded
for the St. Lucie and Caloosahatchee)

Operatihg Schedule 25(aka, Run 25)
Operating Schedule 22AZE(aka, Run 22AZE)

[ HSM Recommendation
|_____i COE Recommendation

(1e61e) pouadolpAy Bulyorew esse YOM JO %)

suianedoipAH sepeibisng

Figure 7. Multi-Objective Trade-off Plot for 1990 Condition

22




Water Supply
(% irrigation demand met for the LOSA)

£
ES
L =
n @
oo
oo
oS
w w

@
R
o @
Lo
O o
38
= oy
O o

o
gc
< S
1 =

o)

*

Estuaries
(# times high discharge criteria were exceeded
for the St. Lucie and Caloosahatchee)

Operating Schedule 25(aka, Run 25)
Operating Schedule 22AZE(aka, Run 22AZE)
HSM Recommendation

COE Recommendation

(1612} pouadoipAy Buyorew vale yOM 10 %)

susspedolpAH sspeiblong

Figure 8. Multi-Objective Trade-off Plot for 2010 Condition

23




Water Supply
(% irrigation demand met for the LOSA)

)

b=
€
Q5
n O
v
oo
o8
il w
3 2
Qo
2o
O O
i
=X W
O @

go!
_glgc
CU:
_j‘-l—

S

*

(1a6.e) pousdoipAy Buiyoyew eate YoM 10 %)
suispedospAH sepeiblang

Estuaries

(# times high discharge criteria were exceeded
for the St. Lucie and Caloosahatchee)

Operating Schedule 25(aka, Run 25)
Operating Schedule 22AZE({aka, Run 22AZE)

[ 1 Operating Schedule WSE

Figure 9. Multi-Objective Trade-off Plot for Operationa! Schedules
25, 22AZE, and WSE (1990 Condition)

24




Water Supply
(% irrigation demand met for the LOSA)

Lake Okeechobee Ecosystem
(# of undesirable lake stage events)

suispedolpAH sepe|biaay

(1ob1e) pouadolpAy Buiydiew yoOM 10 %)

Estuaries
(# times high discharge criteria were exceeded

for the St. Lucie and Caloosahatchee)

Operating Schedule 25(aka, Run 25)
= .22 Operating Schedule 22AZE({aka, Run 22AZE)

[ 1 Operating Schedule WSE

Figure 10. Multi-Objective Trade-off Plot for Operational Schedules
25, 22AZE, and WSE (2010 Condition)

25




7. SUMMARY

As part of the Lake Okeechobee Regulation Schedule Study, the Hydrologic Systems
Modeling Division of the SFWMD performed the simulations and a preliminary analysis
of the hydrologic performance of five alternative operational schedules for Lake
Okeechobee. Results of the simulations and the analysis were presented in this report.
The five schedules evaluated were: (1) the current schedule, R25 (aka Run25); (2) a
lower schedule designed to benefit the littoral zone of the lake, R22 (aka Run22AZE),
(3) the schedule proposed by the authors as part of the Interim Plan for Lower East
Coast Regional Water Supply (HSM); (4) a schedule proposed by the USACE for the
LORSS; and (5) a recently developed schedule proposed by the authors (WSE) to better
balance the performance of the competing objectives for managing the Lake.

Results of the simulations were summarized in the form of hydrologic performance
measures. The most useful of these performance measures quantify the degree to
which objectives for managing the lake are met. Numerous hydrologic performance
measures were presented in the appendicies of this report.

The authors proposed an evaluation methodology which uses four hydrologic
performance measures that were selected to represent four key objectives for managing
the lake. These performance measures relate to: (1) the lake ecosystem, (2) water
supply capability, (3) estuary health, and (4) Everglades hydroperiod enhancement.
From the preliminary trade-off methodology, the key trade-off appears to be between the
lake ecosystem and water supply. This trade-off was also identified in previous reports
on the subject of Lake Okeechobee regulation schedules.

From the results of the preliminary trade-off analysis, it appears that the recently
proposed schedule, WSE, is superior to the rest for 1990 conditions. For 2010
conditions, however, none of the schedules is entirely superior to all the others, although

the HSM and WSE schedule have strong advantages since they include more flexible
rules and Lake inflow forecasts.

Further analysis of the significance of the changes from economic and ecological
nerspectives is necessary to further assess the trade-offs to determine which schedule
is truly best. Those analysis are part of other efforts that are part of the Lake
Okeechobee Regulation Schedule Study, but are beyond the scope of this report.
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8. CONCLUSIONS/RECOMMENDATIONS

1. Achieve Consensus on Key Performance Measures and Evaluation Methodology
Most of the performance measures that are presented in this report were developed as
part of the Lower East Coast Regional Water Supply Plan. Several new performance
measures were designed during a LORSS Environmental Performance Measure
Workshop held in September 1996. Additional performance measures were derived in
1997 as part of the River of Grass Environmental Evaluation Methodology (ROGEM)
deveiopment effort.

There are an infinite number of possible performance measures that can be derived. To
provide a comprehensive analysis, it is important to examine the performance of
alternative schedules from various perspectives. However, to provide a clear analysis
and presentation of the trade-offs in the competing objectives, it is essential that a small
set of key performance measures be identified for use in the trade-off analysis that is
used for the decision-making.

It is very important that the LORSS team and decision-makers determine the key
performance measures o be used for the evaluation of the alternative schedules.
Consensus on the method for evaluating the trade-offs in competing objectives for
managing the lake should also be achieved.

2. Need for Analysis from Water Quality, Ecological and Economic Perspectives

From the preliminary trade-off analysis provided in this report, it appears as if the key
trade-off is between water supply and the lake ecosystem. To assess the significance
of the changes from economic, water quality, and ecological perspectives, further
analysis is necessary to clearly assess the trade-offs for determining which scheduile is
best. Furthermore, potential impacts due to increases in phosphorous loads to the
Everglades should be estimated.

3. Need to_direct more discharges to the EPA

A key finding of this evaluation indicates that introducing a lower operational zone which
delivers water only southward to the Everglades allows for much of our valuable water
resources to be retained within the regional hydrologic system. This has tremendous
potential for improving the hydroperiod of the Everglades and reducing the impacts of
large freshwater discharges to the estuaries. However, if these releases to the
Everglades are made unconditionally, as is proposed with schedules R22 (Run22AZE)
and COE, then the potential for water shortages will increase significantly.

The rules proposed in the HSM and WSE schedules make these southward releases in
the new proposed zone only when it would be desirable for enhancing Everglades
hydroperiods. When this policy is put into practice together with the more flexible
operational rules that take advantages of the state of the art in climate research, it is
possible to eliminate this drawback of increased water shortages while still realizing the
benefits to the Everglades. However, it is recognized that the Lake Okeechobee littoral
zone does not receive the desirable benefits that were targeted with the design of R22.
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4. Need to include Global Climate Indices and regional hydrologic forecasts in regional
water management.

Recent breakthroughs in the diagnostics of climate variability on monthly to decadal time
scales provide a valuable mechanism for the advancement of the level of proficiency of
regional water management. This potential for progress results from increased lead
times of forth-coming climate anomalies that may persist for extended periods. These
anomalies may occur in the form of long-term departures from average climate
conditions and/or a distinct change in the likelihood of occurrence of extreme events.
When these anomalies are recognized as being associated with larger-scale proionged
climate phenomena, the advantages of the most adaptable operational schedule are
significant. This opportunity for increasing the efficiency of our the regional hydrologic

system is very timely considering the challenges that we face in managing our future
water resources in central and southern Florida.
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The manuscript entitled "Including the Effects of Solar Activity for More Efficient Water
Management - An Application of Neural Networks" is provided on the following pages.
The research was presented at the Second International Workshop on Artificial
Intelligence Applications in Solar-Terrestrial Physics held on July 29-31, 1997, in Lund
Sweden. The manuscript is included in the Workshop proceedings which are being
published in a European Space Agency special report (ESA SP-X).

Second International Workshop on
jcial Intelligence Applications in

olar-Terrestrial Physics
BLund, Sweden, 29-31 July 1997

Courteny of the PolenV IS, The YIS i an mairement
of the NASA Godde s Space Flight Canier,

shop on Al Applications in Salar-Terresirial Prisics look place in Lund 1993, a new era of
bservations has starled. Many discoveries have been made with zalellites such as Yohkoh,
O, WIND, GECTAIL and Pdar. These sateliiles are producing an enormous amount of data that
ew lechnigues lor dald analysis. Arlificial intelligence (Al) methods, including reural Newaorks, expert
s1ems, genetic algorithms, uzzy logic, fractal analysis and hybrid systems, offer such techiniques ior automated
analysis, data reduction, dassification, paltern recognition, functien approximation and pradiclions. Demands for
speed and autornation have also simulated development of hardware implementations such as neural chips. For
futurs abzervations, even clusters of intalligent satelliles, are discussed.







INCLUDING THE EFFECTS OF SOLAR ACTIVITY FOR MORE EFFICIENT WATER MANAGEMENT:
AN APPLICATION OF NEURAL NETWORKS

P.J. Trimble, E.R. Santee, C.J. Neidrauer

South Florida Water Management District, West Palm Beach, Florida, USA

ABSTRACT

Lake Okeechobeg is the second largest freshwater lake by
area lying wholly within the boundaries of the United
States. The competing objectives associated with the water
management of this large body of water are becoming
increasingly challenging to satisfy. This is in part due to
rapid development of the region as well as an ever
growing awareness of the needs and sensitivities of the
natural ecosystems within the region. The findings of this
report demonstrate the advantages of having mare flexible
water management rules that recognize natural climate
variabilify as it occurs on seasonal to decadal time scaies.
The variability of climate identified with solar activity,
El Nino events, and changes in the strength of the Atlantic
Ocean thermohalinge current, are integrated with the aid of
a neural network to make six month inflow forecasts for
Lake Okeechobee. By incerporating the hydrologic
forecast into the Lake operational rules, it is demonstrated
that the objectives of water management can be more
proficiently satisfied. Temporal distribution and strength of
solar activity as indicated by geomagnetic disturbances and
sunspot activity are demoenstrated to be important inputs
for the seasonal hydrologic forecast for Lake Okeechobee.

Key words: inflow forecast, climate variability, efficient
water management, geomagnetic activity, sunspots, neural
network.

1. INTRODUCTION

Lake Okeechobee is the "liquid heart" of southern Florida.
The surface area of the Lake is approximately 1970 km®
and has a storage capacity over 4 x 10° m® in which excess
water may be stored during the wet periods for subsequent
use by agricultural and municipalities during drier periods.
It is also an important source of water for the vast
wetlands to its south known as the Everglades. Due to the
potential for heavy rains and severe tropical storms in
south Florida, water levels must be carefully monitored to
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ensure that they do not rise to levels that threaten the
structural integrity of the levee system surrounding the
Lake. The natural ecosystems within the Lake and those
located within the downstream estuaries and wetlands are
also very sensitive to the temporal and spatial distributien
of releases from the Lake.

Zhang and Trimble (1996 a, b) developed a methodology
for predicting Lake Okeechobee inflows from solar and
giobal indices with the application of an artificial neural
network. The current paper reports on the refinement of
the earlier appreach and a demonstration of the improved
water management efficiency that may be achieved by
including the forecast in Lake Okeechobee operational
guidelines.

2. CLIMATE SHIFTS AND WATER MANAGEMENT

Weather forecasting is the science of predicting the likety
future sequence of weather events. Weather systems are
governed by complex interactions of physical and dynamic
processes which are very sensitive to a diverse array of
atmospheric variables. Smalil differences in these variables
at one moment of time can eventually lead to large
variations in the atmospheric behavior at a later time. The
limited availability of high quality fine resolution
meteorological data for atmospheric models bounds the
lead time that can be produced with weather forecasts.
Typically such forecasts are considered reliable for only a
few days and seldom longer than a few weeks.

Regional water management systems that include large
takes and reservoirs with extensive tributary and water use
basins require longer lead forecasts so that operators can
make significant adjustments early enough to minimize
adverse impacts to sensitive ecological systems, while
maintaining adequate levels of flood protection and water
supply. This is the situation that exists for Lake
Okeechobee.  Amplification of the Lake hydrologic
response significantiy narrows the window of opportunity
for operational decisions. With the significant advances in



climate research in recent years, climate forecasting has
emerged as a plausible mechanism for improved water
management. Climate forecasts predict shifts in
atmospheric conditions that may persist for months, years
or even decades. A shifted climate may be recognized
locally as a persistent change in the expected mean and
extremes of rainfall events over prolonged periods,

A rainy weather event in the domain of a climate shift
towards drier conditions may be mistaken for a return to
more normal or even wetter than normal climate
conditions, if it is just perceived from a local perspective.
However, it becomes of great significance for water
management when the local clitmate anotmaly is recognized
as being associated with other larger (continentat or
global) scale climate events. Ramusson and Arkin (1993)
emphasized the necessity for having a global perspective
in order to understand persistent shifis of regionai climate.

3. VALUABLE INDICATORS FOR FLORIDA

Indeed, a large portion of the variations of south Florida's
climate and hydrology has been found to be associated
with solar and large-scale global processes. Associations
between climates at distant locations of the world are
known as teleconnections. These teleconnections tend to be
most easily recognized by somewhat cyclic anomalies of
atmospheric and oceanic variables. The detailed description
of all these anomalies is beyond the scope of this report.
However, a few global and solar indices are readily
available that provide useful information for forecasting
regional hydrologic conditions within Florida.

3.1 Solar Indices

Certain global climate and oceanic fluctuations that occur
with a regular frequency appear to have their origins
associated with solar activity. Solar sunspot activity
displays a cyclic pattern with an approximate periodicity
of 11 years. The periods actually vary between 9 and 14
years. Periods tend to be shorter when the magnitude of
the sunspot maximum is larger and longer when the
magnitude of the sunspot peak is smaller. The 20th century
has been a period with very high solar activity with a
corresponding shorter than average cyclic period of 8.7
years (Christensen and Lassen, 1991). Between each cycle
there is a reversal in the direction of the sun’s magnetic
field. Therefore conditions begin a new c¢ycle about once
every 22-years, This cycle is known as the Hale cycle.
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In spite of increasing statistical evidence that indicates a
significant portion of the earth's climate variability is
associated to variations of solar activity, the exact
mechanisms of these associations are not completely
understood. The changes in the energy flux that occurs
across the outer bounds of the Earth’s atmosphere during
the variation of sunspot activity appears to be too small to
account for the observed climatic fluctuations. Willet
(1933, 1987) has elaborated that the sclar wind penetration
of the geomagnetic field and upper atmosphere allows
strong spot heating of the earth’s atmosphere. which
disrupts the zonal weather circutations. This, he contended,
would allow such activity to contribute significantly to
climate fluctuations without appreciable changes in energy
flux. The aa index of geomagnetic activity was taken by
Willet to be the best indicator of solar wind disturbances.
This index, as does sunspot activity, follows an
approximate L1- year cycle, but generally lags the sunspot
cycle and contains many more perturbations. Christensen
and Lassen (1991) also suggested that solar parameters
other than the sunspot number may be better indicators of
solar variations and their influence on the Earth’s climate.

Recent research of Labitzke and van Loon (1989, 1992,
1993) provide more recent evidence that an important
connection exists between solar cycles and the Earth's
climate. Haigh (1996), successfully simulated observed
shifts of the subtropical westerly jets and changes in the
tropical Hadley circulation that appear to fluctuate with the
11-year solar cycle. Photo-chemical reactions in the
stratosphere are included in the model that enhance the
effects of the variations of the solar irradiance. Even a
small shift in the strength and positioning of these global
scale climate systems would have significant effects on
Florida's climate. Balliunas and Scon (1996) concluded
from long term solar records that solar-brightness
variations can explain the majority of the past record of
terrestrial global temperature fluctuations. They indicated
that the variable length of the solar magnetic cycle
comrelates nearly perfectly with the 1l-year moving
average of global temperature since 1750. Reid and Gage
(1988), Reid (1991) , and White (1996} reported on the
similarities between secular variations of solar activity and
that of the global sea surface temperature.

In summary, solar activity affects the Earth and its
atmosphere in many ways over different time scales. These
may be broken down into the following categories:

1. Short duration sporadic events,
2. The 11 - and 22 - year sunspoi cycle,
3. Longer solar cycles



All three of these categories appear to confribuie
significantly to climate variations in south Florida.

Figure 1 labels the most significant anomalies in the
hydrologic record of Lake Okeechobee compared to that
of solar activity as estimated by the sunspot number and
geomagnetic activity, These hydrologic anomalies are
defined in terms of water years which extend from June of
the first year through May of the following year. Each
waier year was classified based on the magnitude of the
inflow volume for illustration purposes. The inflow term
inciudes surface inflows plus the volume of net rainfall
that falls directly on the Lake. Years with annual inflows
less than 3.5 x 10° (2.5 x 10°) m® are classified as being
dry (very dry), while inflows greater than 6 x 10° (7 x
10°) m’ are classified as being wet (very wet). When a
period of several wet or dry years are in sequence, the
period is labeled according to the wettest or driest year of
each sequence.

Sporadic solar activity may be represented by peaks in the
geomagnetic activity. Large Lake inflow periods that

occurred within southern Florida during the periods of
1546-1949, 1952-1954, 1957-1961, 1982-1983 and 1994-
1996 appear to have been closely associated with solar
activity. ' Extended dry periods are consistently associated
with minimums of either geomagnetic activity or
minimums of the 11-year sunspot cycle. On a longer time
scale, decadal variations of Lake Okeechobee mflows
appear to be related to the magnitude of the 11-year solar
cycle from 1930 through 1970. However, the relationship
becomes less obvious during the more recent years, This
climate break is discussed in more detail in the following
sections

An important feature illustrated i Figure I is that different
types of solar activity do not always fluctwate in
synchronize fashion relative to each other. The 1979-
1980 sunspot maximum was accompanied by an
uncharacteristic lull in geomagnetic activity, This 1980-
1681 period was marked by the occurrence of the lowest
inflow for the period of analysis, During other periods it
may be speculated that the geomagnetic activity is the only
significant indicator of the Floridan climate anomalies.
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Note: Wet and dry period labels are only positioned te indicate the apparent association of these
events with the 11-year solar cycle and geomagnetic avtivity. The magnitude of Lake Okeechobee
inflow for each year appear in Table1.

Figure 1. Indicators of Solar Activity and Notable Lake Okeechobee Inflow Periods
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However, the authors visual inspection of the data
indicates that this may not be the case.

It appears that climate conditions that favor extreme
hydrologic events are better recognized by considering
both geomagnetic and sunspot activity. It is hypothesized
at this time that these two indicators represent different
physical mechanisms for solar activity to influence climate,
The geomagnetic activity, as suggested by Willet (1987),
represents solar wind disturbances which are believed to be
associated with the disruption and breakdown of zona!
flows and increased storminess in Florida. Changes of
solar energy output that occur over longer time periods.
These variations of solar energy flux, as suggested by
Haigh (1996}, are believed to be associated with subtle
changes in the strength and positioning of the of the
Hadley Circulation. These subtle changes potentially
would likely cause shifts in Floridian

3.2 El Nino - Southern Osciliation

The El Nino-Seouthem Oscillation (ENSOQ) is a complex
interaction of oceanic and atmospheric processes in the
tropical Pacific. This system of processes is associated
with climate anomalies world-wide. The Floridian climate
has its most significant statistical association with the
ENSO process during the winter months. During periods
of persistent above normal ocean temperature along the
equatorial Pacific Ocean (El Nino event) greater than
normal winter rainfalls are expected in Florida. Likewise,
during persistent periods of below normal ocean
temperature in the same region of the Pacific Ocean (La
Nina event) less than normal winter rainfalls are normaily
experienced in Florida (Hanson and Maul, 1991). The
Southern Oscillation Index (SOI) computed from the sea
level pressure anomalies is used as an indicator of the
strength and phase of the ENSO.

The SOl was selected over sea surface temperature
anomalies (SSTA) because it has a much longer period of
historical record available. The sea surface temperature
(SST) record for El Nino events is available beginning in
1950 while the SOI period of record begins prior to 1900.
This longer period of record is particularly valuabte for
analyzing the relationship of the variations of the Floridian
climate and hence hydrology to various global
atmospheric-oceanic conditions.

3.3 Atlantic Ocean Thermohaline Current {AQTC)

Broecker (1991) outlined the theory of the great ocean
conveyor. This is a global system of ocean currents that is
driven by density differences caused by variations in
salinity and temperature. Broecker hypothesized that
variations of these currents may cause abrupt shifts to the
global climate. Gray et al (1997) recognized the
importance multi-decadal shifts of the Atlantic Ocean
portion of the global ocean conveyor may have on tropical
activity and climate fluctuations. Strong phases of the
current are associated with increased, more intense tropical
activity and weaker, less numetous El Nino’s. Florida
experienced much wetter conditions and more intense
tropical storms prier te 1970, the last peried the AOTC
was recognized as being in the strong phase prior to 1994.
The 1970 - 1993 is the period reported by Gray et al for
which the AOTC has been reported as being in a weak
phase. They suggest that the general strength of this
cutrent may be estimated by subtracting South Atlantic
Ocean SSTA from North Atlantic Ocean SSTA averaged
over broad regions of each ocean basin. When the North
Atlantic Ocean is experiencing warmer anomalies and the
South Atlantic Ocean cooler anomalies the AOTC is
described as being in a stronger phase. When the
anomalies reverse themselves, the current is described as
being in a weaker phase. Evidence suggests that the AGTC
has recently reentered the strong phase of the conveyor
current, This would indicate more intense tropical activity
and very wet conditions may be on the horizon for Florida.
This statement is supported by recent SSTA and more
frequent intense Hurricanes within the Atlantic Ocean
Basin. The North Atlantic Ocean SSTA minus the S8STA
has recently became positive for the first time in 25 years
(during the 1994-1995 water year). The magnitude of the
difference in anomalies normally range between 0.3 to 0.5
degrees centigrade. The value remained continually
positive from 1930 through 1969 and centinually negative
between 1970 and 1994. Gray et al’s 1997 report covers
past variation of the strength of the AOTC and the effect
this variation had on the climate regime of the Atlantic
Ocean basin.

3.4 Predicting Regional Climate Shifts

Successful interpretation of the effects that large-scale
global and solar processes have on regional climate
anomalies requires that the interactions of these processes
be considered. A detailed visual inspection of historical
data reveals-some potentially useful relationships, These
relationships are discussed in the following sub-sections.



3.4.1 Interaction of ENSO Events and Solar Activity

El Nino events that occurred during the peak solar activity
have more pronounced rainfall anomalies (greater increases
in rainfall) in Florida. The El Nino events of 1957-1958,
1982-1983, and the 1990s are primary examples of this
type of episode. The 1965-1966, 1972-1973, 1977-1978
and 1986-1987 events are examples of moderately strong
El Nino's events that had minimal effect on Florida’s
hydrology. These events occurred within periods of lesser
solar activity.

Enfield and Cid (1991) presented evidence that when solar
activity is strong, El Nino-Southern Oscillation (ENSO)
events, are spaced farther apart with periodicity being
strongly influenced by the Sun. During weaker solar
activity the events occur closer together and are maore
influenced by the internal dynamics of the ENSO system,
Mendoza et al (1991) reported on the increased likelihood
of ENSO events during particular phases of the |1-year
solar cycle. 1t appears very plausible that solar activity
influences Florida’s climate and hydrology indirectly by its
influences on the periodicity and onset of E] Nino events,

3.4.2 interaction AOTC and Solar Activity

Hydrologic drought in Florida tend toward periods of
minimum solar activity and the periods shortly thereafter.
This relationship exists even during strong phase of the
AOTC, The 1996-1999 period is a period to be cognizant
of the increased potential for drought due to the phase of
the solar cycle. The exact timing of these events depends
on the phase and strength of the El Nino. Even if a strong
El Nino event does occur, it generally has less effect on
Florida’s rainfall during periods of lesser solar activity,
"Once this potentially dry period passes. south Florida
appears headed to a climafe regime similar to that which
existed from 1940 through 1960, This forecast is based an
the return to a strong AOTC as reported by Gray et al and
a general consensus that solar cvele 23 should continue
the recent trends of strong to very strong sunspot cycles
that have cccurred during the middle and latter part of the
20th century (Joselyn et al, 1996). This shift in climate
regime will make the 1994-1995 seemingly very large
inflow event a much more common occurrence.

When considered jointly, the AO7C and long term level of

solar activity appear to account for a significant portion of
the multi-decadal variability of Florida’s climate.

4. FORECASTING LAKE OKEECHOBEE INFLOWS
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The ability to forecast climate shifts that affect a full range
of water management objectives is very desirable.
However, the complexity of the solar-terrestrial and
oceanic-atmospheric interaction make the ability to forecast
regional climate anomalies by more traditional statistical
methods difficult. This paper appiies an artificial neural
network for predicting Lake Inflows.

4.1 Neural Networks

Neural networks have received attention from many
professions. [n water resources and hydrology, several
applications may be cited (Karunanithi, 1994; Smith and
Eli 1995; Crespo and Mora, 1993; Grubert, 1995; Raman
and Sunilkumar, 1995; Derr and Slutz, 1994). Appealing
aspects of neural networks are their applicability to
complex non-linear problem sets, their adaptiveness to
adjust to new information and their ability to make
predictions from inputs in which the relationships
between the predictors and the predicted are not
completely understood. Among the variety of neural
network paradigms, back-propagation is the most
commonly used and has been successfully appiied to a
broad range of areas such as speech recognition,
autonomous vehicle control, pattern recognition and image
classification. This is the methodology selected for making
the inflow forecast.

The most significant adaption to the original methodology
developed by Zhang and Trimble (1996) was the inclusion
of the strength of the AOTC as a predictor of Lake
Okeechobee  inflow. In  addition, a logarithmic
transformation of Lake Okeechobee inflow was made to
reduce the skewness of the data set. After an extensive
effort was performed which involved the evaluation of
different nerwork configurations the configuration with 7
input neurons and 14 hidden layer neurons was selected for
making the inflow forecast.

4.2 Data for Training and Testing

Seven parameters were processed for predicting Lake
Okeechobee inflows. These include:

1. the Southern Oscillation Index (SOOI,

2. the sunspot number,

3. trend in sunspot number,

4. maximum sunspot number of each cycle,



5. geomagnetic index,
6. AQTC index, and
7. the month of the year.

Indices were smoothed with a six month running average.
Therefore, each of the indices used. for the inflow
predictions was the average value of that index during the
previous six month period. Two exceptions to the
smoothing were made. The first exception was the AOTC
index which was simply input as a step function . The
strong state of the current was input through 1970 and
after 1993. The period between 1970 through 1994 was
defined as being in the weak state based upon on-going
research (Gray et al, 1997).

The second exception is the maximum sunspot number of
the current cycle. During the training and testing periods
the actual value was used. During the period the neural
network is used for hvdrologic predictions, it is planned to
use the forecast of the forthcoming 11-vear cycle for the
rising phase of the sunspot cycle. Forecast are available
from various sources inctuding NASA. On the declining
phase the actual maximum sunspot number may be used.

Estimated Lake inflow values were obtained from the
United States Army Corps of Engineers Rules Curve and
Key Operating Manual prior to 1965 (USACE, 1978).
After 1964 the values were computed from data collected
by the South Florida Water Management District
(SFWMD). A complete data set of climate indices and
Lake inflows from 1933 through 1996 is available for
training and testing each neural network configuration.

Table 1 summarizes the annual average climate indices and
annual inflow volumes according to the volume of inflow
that occurred each water vear. The solar and ENSO
indices are reported in terms of .5 unit normal deviates.
The AOTC index is depicted as a step function with a
strong phase (+) and a weak phase (-). Table ] is a
summary of inputs and does not represent the actual values
of input that are used for training and testing the neural
network.

Table 1. Annual Lake Inflow Versus Averaged Annual Values of Climate
Indices {Each Symbol +/- .5 unit normal deviate]

Waler Sunspot Geo-- ENSO AQTC Lake Rank
Year Momber Mapn. Index Index Inflow

[une- [aa] 1-801] [m* 104]

May]

19591960 ~++ - - 9558 1
1947-1948 4= - 9382 2
1953-1954 - ++ + 9252 3
1960-1961  + i _ . 8752 4
1969-1970  + - + - 8179 5
1982-1983  + — - . 7875 6
1957-1058  +wim .- - 7756 7
19941098 - - o - TG4 §
1995.1996 - - 5407 9
1068-196%  « + 6333 1o
1948-1945 =+ + 6156 n
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4.3 Training Period

The period of March, 1933 through March 1988 was
selected as the training period. The results of two sectors
of the training period are illustrated in Figure 2. The lower
half of these plots illustrate the predicted inflow and the
actual inflow versus time. The right axis is the scale that
represents the inflow volumes. The repetitive lines near the
top of the plots represent the levels that special operations
may be needed to lower water levels for flood protection.
When water levels reach the upper line, large discharges
that have undesirable impacts to the downsiream
ecosystems are required. The remaining line represents
the Lake water level with the current operational schedule.
The available water for water supply is very limited when
the Lake water level falls below 3 meters relative to
National Geodetic Vertical Datume (NGVD). This vertical
datum was adopted by the United States in 1929 and is
synonym for the 1929 local mean sea level daturn.

The ability of this configuration of the neural network to
recognize patterns of solar and global indices is
demonstrated. The drought periods that are acknowledged
by water managers in south Florida as being exceptionat

for Lake Okeechobee include: the mid- 1950s, the early to
mid- 1960s, and extended periods of the 1970s and early
1980s. The coefficient of determination for the actual
versus the predicted inflows was 0.50.

4.4 Testing Period

Figure 3 illustrate the results of the testing period. The
newral network successfully predicted the drier period of
1988 and the first few months of 1989, and the very wet
period of 1994 and 1995 and again the return to drier than
normal conditions in 1996 and the beginning of 1997,
However. it over predicted the 1990 and 1991 inflows. The
1990 over prediction of inflow was most likely caused by
the persistence of the atmosphere and 2 strong La Nina
condition that existed at that time. It is, however, a clear
indicator that the drought is about to end. The over
prediction for 1991 were due to depletion of the storage in
the lake tributary basins. This storage had to be
replenished before inflows to the Lake could be generated.
The predictions made by the nevral network still provide
very valuable information for water managers of the
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Figure 2. Lake Okeechobee Six Month Actual and Predicted Inflow - Training Period
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changing state of the climate. It signaled the up coming
drought when water levels were still at high levels and
also signal the eventual end.

Figure 4 illustrates a scatter plot of the predicted inflows
versus actual inflows for the testing period. The coefficient
of determination was equal to 0.48. This is especially
significant when it is considered that no regional
hydrology imput is included in the predictor.
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Figure 3. Lake Okeechobee Predicted and Actual 6
Month Inflow - Test Period

5. PERFORMANCE OF PROPOSED SCHEDULE

The performance of the proposed Lake Okeechobee
climate-based operational schedule is compared to that of
the current operational schedule with the application of the
South Florida Water Management Model (SFWMM; 1997).
This integrated surface water-groundwater model was
designed as a tool to aid water managers in the analysis of
complex regional hydrologic issues. The model domain
includes a region of southern Florida that covers nearly
20000 km® with a mesh of 1746 cells, Lake Okeechobee
is modeled separately from the grid mesh as a flat pool-
lumped reservoir system. The model is a continuous
simulation model with a time step of one day. Key
processes simulated include: overland and groundwater
flow, infiltration, percolation, canal routings, levee
seepage, canal-groundwater seepage and groundwater
pumpage withdrawals. Operational rules for all the major
water comtrol structures and pump stations are also
simulated,

The proposed scbedule is evaluated by comparing its
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Figure 4. Lake Okeechobee Actual Versus Predicted
6 Month Inflow

performance to that of the current base simulation. The
incorporation of the proposed schedule is the only
assumption that differs in this mode! simulation from the
1990 base simulation. The performance measures discussed
in this report inciude the primary measures developed for
the Lower East Coast Regional Water Supply Plan. For a
more detailed look at a larger set of performance measures
compared with two other proposed schedules see the report
entitled Simulations of Alternative Operational Schedules
for Lake Oleechobee (Neidraner, Trimble and Santee,
1997,

Marked improvement in the proficiency of meeting the
water management objectives associated with Lake
Okeechobee is demonstrated with this climate based
schedule. Simulated water deliveries to the Everglades
natural wetlands were increased from 6 x 10° m® to 8 x 10°
m’ while at the same time increasing the percentage of
water supply needs met by 5 percent. Delaying discharges
to tide-water also minimizes the adverse effects that these
discharges would have on the downstream estuaries.

6. SUMMARY

This report presents the basis for the recommendation of
a Lake Okeechobee operational schedule being considered
by the South Florida Water Management District for
implementation. The theme of this schedule is increased
operational  flexibility. Operational guidelines are
suggested that are not only a function of the existing
system-wide hydrologic conditions but also projected Lake
inflow. The inflow estimates are computed from solar,
and global climate indices. Although a general hypothesis
is available to describe the physical mechanism for these
inflow forecast, the actual complex interaction of these



processes are not well understood. The real marvel of this
analysis was the computational power of artificial neural
networks for recognizing patterns of climate and solar
indices to produce various types of inflow events. The
intent of these inflow forecasts is to provide guidance to
system operators of the general state of the global climate
and the potential for wet or dry extreme events, With these
information it is illustrated that water management
proficiency may be improved.

The recent advances that have been made in predicting
solar activity for both shorter periods of a few hours (Wu
et al, 1997) and to longer periods such as 11- year solar
cycle (Ashmall and Moore, 1997) suggest great potential

for tmproving climate forecast for more efficient water
management.
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SUMMARY

The ability to forecast hydrologic effect of chimate fluctuations would
be a valuable asset to regional water management authoritics such as the
South Florida Water Management District. These forecasts may provide
advanced warnings of possible extended periods of deficits or surpluses of
water availability allowing better regicnal water management for flood
protection, water supply, and environmental enhancement. In order to
achieve this goal, it is necessary to have a global perspective of the oceanic
and atmospheric phenomena which may aflect regional water resources.
However, the complexity involved may hinder traditional analytical
approaches in forecasting because such approaches are based on many
simplified assumptions about the natural phenomena.

This paper investigates the applicability of neural networks in climate
based forecasting for regional water resources management. A neural
network is a computational method inspired by studies of the brain and nerve
systems in biological organisms. Neural networks represent highly idealized
mathematical models of our present understanding of such complex svstems.
Typically, a neural network consists of a set of layered processing units and
weighted interconnections between the units. There exists a variety of neural
network models and learning procedures. This paper applies the most widely
used Back Propagation model to the climate forecasting. An advantage of
applying this technique is that neural networks have the capability of self-
learning, and automatic abstracting. The users do not have to know, and mn
many cases they do not know, the mathematical expressions of the variables
mvolved. Neural networks learn from training data sets.

While the architecture of the Back Propagation network is fairly
established, the process of determining the best suitable network configuration
and the best parameters for a given application is trial-and-error, especially
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-when the relationships between the variables are.not well understood. On the
other hand, this triai-and-error process can be used to help reveal the
underlining relationships between variables. In this study, issues such as
selecting a best fit neural network configuration, deploying a proper training
ajgorithm, and preprocessing input data are addressed. The effects of various
global oceanic and atmospheric variables to the regional water resources are
also discussed.

The study is focused on the prediction of inflow to Lake Okeechobee,
the liquid heart for south Florida. Several global weather parameters over
the past several decades are used as input data for training and testing.
Different combinations of the variables are explored. Our preliminary results
show that the neural networks are promising tools in this type of forecasting.

INTRODUCTION

Regions of south and central Florida have experienced a significant
large-scale downward trend in it’s wet season (May-October) rainfall in recent
decades(Chin 1993). The rainfall during these months is critical for -
replenishing the system storage prior to the dry season which follows
(November-April). The last few vears since 1990 have offered a break in the
decline in rainfall. However, the question arises whether this is a reversal of a
irend or just a temporary reprieve. Rasmusson and Arkin (1993} did a nice
job mn making it clear that a global understanding of climate is needed to
understand the reason and causes of local anomalies. They also summarize
inter-decadal fluctnation in climate in the Sahel and India that appear to have
very similar climate trends as those in South Florida. A better understanding
of how local climate fluctnations in Florida are related to global climate shifts
over time would be a useful tool for managing water levels of the present
regional hydrologic system and for planning future water supply plans for this
system. In addition, the predictability of trends in Florida’s local
meteorological variables caused by global climate fluctuations would
undoubtedly be an important step, however small, to a better understanding
of what effect global warming may have on our local climate.

The purpose of this research is to: 1} gain a better understanding of
how climate fluctnations within the south and central Florida region may be
related to global chmate fluctuations or trees; 2) determine if decadal
fluctuations in the local climate may be explained by global climate indices;
and, 3) to determine, if such a relanonship exists, can 1t be applied for more
effectively managing the water levels and outflows of Lake Okeechobee. A
neural network is used to test the predictability of Lake Okeechobee tributary
mflows from glebal climate indices. The indices associated with Pacific Ocean
Southern Oscillation (SOI} events and those associated with solar sunspot and
global geomagnetic activity will be evalnated. The strong correlation between
Florida precipitation and the El Nino-Southern Oscillation has aiready been

© 19% Worid Resourse Review. All rights reserved. 335

A-is



World Resource Review Vol 8 No. 3

reported (Hanson and Maul,
1991) while the solar sunspot
and geomagnetic conncction (o
climate may be more widely
debated. Recent rescarch
(Labitzke and van Loon, 1989,
1992} provide us with ncw
cvidence Lhat an important
connection exist between solar
cycles and the earth climalte.

In Lhis study emphasis
is placed on predicting extreme
high and low periods of inflow
to Lake Okececliobee. Figure |
depicts the location of Lake
Okecchobee in south central
Florida. Lake Qkcechobee is
the sccond largest freshwater
lake lying wholly within the v r
houndarics of the Uniled -
States. This lake is frequently serprare
rcferred to as the "liquid heart” | ™ hll® K ™
of south Florida as il is an I s
important source of [reshwater | su , Syorases

ATLANTIL

or

for many of the natural YaTTR ———

. COMSCRVATION [T ]
ccosystems of south Florida, MRTAS X J My |
the primary source of Figurc 1 Location of Lake Okeschobee within South

supplementai water supply for Florida Water Management District

over five hundred thousand

acres of intensely farmed agriculturat land, and is a backup source of water
supply for the denscly populated urban arcas of south Florida. Howcver,
south Florida’s potential for periods of heavy rains and severe tropical storms
and Lake Okeechobec’s large tributary basins require that water levels in the
lake be carcfully monitored to ensure that they do not rise (o levels that
would threaten the structural integrity of the fevee system surrounding the
lake. Thercfore, when water Jevels in the lake reach certain clevations
designated by the operational schedules, discharges are made through the
major outlets to control cxcessive buildup of water in the Lake. The timing
and magnitude of these releascs 1s not only important for preserving the {lood
proteclion of the regions, but also for prolecting the natural habitats of Lake
Okeechobee’s littoral zone and cstuaries dowastream of the two major outlets.
Extended periods of high water levels in the Jake are stressful to the Jake’s
littoral zone habitat, while Jarge discharges to the estuarics cause undesirable
changes to the downstream ecosysicms.
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- ~Currently the Lake Okeechobee water level-and discharge operational
schedule is designed to equitably meet the competing objectives of water
management within the region of south Florida (Trimble and Marban, 1989).
However, this operation schedule was developed based on the most recent
history of water levels in the Lake and the season of the year as the reliability
of long term weather forecast and the relationship between global climate and
local Florida hydrology was seen as, at best, only fair. With a improved
understanding of the global climate - south Florida hydrology link and the
application of neural networks for climate forecasting a more dynamic
operational schedule may be developed in the future that reorder operational
prierities of the water management during different climate regimes. For
example, during the wet periods prior 1o 1960 more emphasis may be put on

lowering the water level in the lake to protect the lake littoral zone while
during the post 1960 period more emphasis may be put on water supply since
below normal rainfall threaten the ability to meet the water supply demands
on the lake while the littoral zone received sufficient periods of lower water
levels from lack of rainfall. '

EL NINO - SOUTHERN OSCILLATION EVENT

The signature of an El Nino event is the occurrence of very warm
ocean waters at low latitudes located off the west coast of South America.
This region of the ocean normally has cooler sea surface temperatures due to
the upwelling of the ocean.. The Southern Oscillation Index (SOI) is the
measure of sea level atmospheric pressure difference between Darwin
Ausiralia (western Pacific) and Tahiti (eastern Pacific). There is a strong
connection between the E] Nino event and the Southern Oscillation Index.
The El Nino-Southern Oscillation Event is often referred to by the acronym
ENSO. An event of this type affects the climate of a large portion of the
planet. The strongest and most reliable effects occur in the tropical Pacific
Ocean. Other parts of the world, especially in the middle latitudes are
affected through teleconnections. Teleconnections are represented as
statistical associations among climatic variables separated by large distances.

Many large rainfall and drought events that occur within the state of
Florida are strongly correlated to ENSO events (Hanson and Maul, 1991).
This type of relationship is important to investigate farther for both
operational and planning concerns. It must also be determined if ENSO
events and the global teleconnections are changing as the climate changes due
to global heating or the secular fluctuations of the climate. Evidence that the
E] Nino existed over four centuries ago is presented by Hanson and Maul
(1989) and ' Quin, et al. (1987). Recently, Wang (1995) reported on
interdecadal changes of the E! Nino onset. It is vital that water MAanagers
understand what effects these changes may have on the climate of Florida. In
this analysis, we assumed the SOI to be synonymous with ENSO since the
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period of reliable record available to us was longer:than the El Nino sea
surface lemperature anomalies. A ncgative SOI index is most often associated
with a warm sea surface temperature anomaly El Nino event while a positive
SOI is synonymous with a cold sea surlace anomaly La Nina event.

CLIMATE FLUCTUATIONS RELATED TO SOLAR SUNSPOT
CYCLES

Global climate fluctuations that occur with a regular {requency may
have their origins associated with solar activity. Sunspot activity displays a
cyclic patiern with an approximate periodicity of 11 years. The period may
actually vary between 9 and 14 years. Periods tend to be shorter when Lhe
peak of Lthe sunspol activity is more pronounced and longer the peak is less
pronounced. Belween cach 11-year cycle there is a reversal in the direction ol
the sun's magnelic ficld. Thercfore conditions only repeal themselves every
22-ycars. This 22-year period is known as the Hale cycle. Willet (1975, 1987)
was able to relate global climatic shifts in detail 1o the Hale cycle. Longer

secular sunspot cycles of about 90 and 180 years were also uscd by Willet to
explain inter-decadal -

changes in the global
climate.

Figure 2 -
illustrates estimations of

-

=l

| S —

—
o

the relative sunspot
numbers starting in the " N
year 1750, These \ A

sunspot numbers were  _ i

eslimated by direct A n

obscrvation. Periods

identified with the « LT

minimums of secular V \

sunspot activity appear

lo be associated with T e e e e e
periods of cool climates Yhaxy

of the past. The period  Fi igure 2 Relalive sunspol number

between 1800 and 1820

was the coldest globally since 1700. The period between 1425-1725 is believed
to be the three centurics with the lowest sunspot activity of the last thousand
years. This period corresponds to the period known as the Little Ice Age. In
spite of some statistical cvidence of a rclationship between solar sunspot cyeles
and the earth’s climate (luctuations in certain parts of the world, no
completely acceprable theory has been introduced that explains how the very
small changes in the cnergy flux that enter the earth’s atmosphere due to solar
cycles can be (ranslated into climatic fluctuations. Solar Sunspots are
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generally darker, cooler spots on (he sun. However, other disturbances
associaled with the sunspots, such as solar flarcs and clectromagnetic
disturbances are also belicved to contribute significantly to climate
fluctuations. According to Willet (1953) vigorous burst of ultraviolet
radiation havc their grealest cffects at low latitudes, Icaving the polar regions
fairly cold and producing a zonal pattern of general circulation.
Electromagnetic disturbances on the other hand, are protens and clectrons
that are diverted by (he cartl’s magnetic ficld toward {he magnetic poics and
thus heat the upper air of the polar regions morc than the tropics. The zonal
circulations is disrupted with a greater latitudinal transfer of air with
accompanying slorminess and temperalure extremes, This type of activity
may best be estimated by geomagnetic activity as indicated by the aa index
(Willet, 1987). :

The possibility of cxplaining a significant portion of the climate
lluctuations as causcd by solar activity makes il more difficult to deteet
anthropogenic climate trends. For cxample, a strong global warming trend
that occurred during the period from 1920 through 1950 was suggested by
somc Lo be entirely caused by the greenhouse effeet. However, this same
period was also a period of larger sunspol and solar [lare aclivity which may
also be related to the global heating during this period. '

HISTORY OF ENSO, SOLAR ACTIVITY, GEOMAGNETIC
ACTIVITY AND LAKE OKEECHOBEE TRIBUTARY INFLOW

Figure 3
iljustrates the normalized
sunspot and geomagnctic
activity as estimaied ’
from a six month
runuing average of Lhe
solar sunspol numbecr M | AN
and the aa index. The “
period from 1930 |
through 1960 contains ; 7\ l
three sunspot cycles that  » — ) -
exhibit increasing
sunspot and gcomagnetic
aclivity with cach cycle.
The last cycie exhibits T e e
much larger activity than T e e tbinen
normal. Willet (1987) )
identified the period of Figare 3 Sunspot number and aa index (Normalized six month
the first three sunspot mean} _
cycles as being a period of the greatest global warming within the past 500

Homaliod Six Musnth iean
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Marmalivn] Velars

years. The third sunspot
cycle occurred during a
period in which Lake '
Okeechobee received it's
four largest inflow years ' —R

(1957-1960). High levels $We
ol geomagncetic RN k —
dislurbances continued ARG : A

throughout Lhis period. ¢ ' -

The fourth } -~ \b : 332—- )
sunspot cycle which % 2 -
lasted from 1964 until )

1978 is onc of minimum
solar activity. DBelow '
normal rainlall and
droughts were . Figure 4 Lake Okoechobee inflow versus key indices -
characteristic of this normalized valucs (1933-1947)

period. Interestingly the

geomagnelic aclivity was delayed during this cycle so that the sunspot and
geomagnetic aclivity were out of phase during the late 1970’s and carly 1980’s.
The minimum in gcomagnetic activity associated will the minimum of
sunaspot activity of 1977 did not occur uati! the summer of 1981. This period
was at the peak of 1980-1982 drought in south Florida and a time when Lake
Okcechobee reached it’s lowest recorded water Jevel. Other drought periods
including periods in the mid 1940's and the mid 1950's were also periods of
low geomagnetic activity. This indicates that the geomagnetic activily may be
an important predictor of south Florida climate. However, a period in the
mid 1960's that
experienced a lull in .
geomagnetic disturbances h
did nol experience a ! ]
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These El Nino years were Figure 5 Lake Okecchobee inflow versus key indices -
defined as those events i pommalized values (1947.1961)

A
=

Yo
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Hormulined Velwoy

which the El Nine Event  » ——
lasted 2 years or more \ )

and that the year prior to *
the two years must be an
non-El Nino year. The
years they delermined
were sirong El Nino

years within our study g
period included: 1939- <l <
1940, 1957-1958, 1972- | &\

1973 and }982-1983.
Their most significant a
findings for Florida
inchuded: 1) below a

normal rainfali over the e stk Vs Momter ¢ Megrion 301 Indek o Lake nfrom

cnll‘rc state O_f Florida Figurc 6 Lake Okecchobee inflow versus key indices -
during the winter and notmalized valucs (1961-1972)
spring the year prior to
an El Nino event; and, 2) above normal rainfall over all the state during the
winter and spring of the sccond year of the anomaly. The rainfall anomalies
were grealest over the southern half of the state ranging belween 145% to
166% of normal.

Figures 4-8 illustrate the fluctuations of the SOI, (he sunspot
number, and the aa index Hormalised Vilpes
in relationship to the
normalized Lake
Ckeechobee inflow. All
lines were smoothed by a  »
6 month moving average
and normalized by
subtracting the mean
vajue and dividing by the
standard deviation. Data
source for the monthly
S0I was the Climate

- ral - (L] L] - ar - .~ ] .y ey

Analysis Center' whiic a

the monthly aa indices

and sunspot number T s G
werc obtained lrom the L e Swwpot Mumbr o Hepwive SO0t —— Loke bofurw
National Geophysical Figurc 7 Lake Okeechobec inflow versus key indices -

normalized values (1972-1983)

'Climate Analysis Cenler, Camp Springs, Maryland, U.S.A,
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Data Center’. The Lake e
Qkeechobee infllows ﬂ
include net rainfall on 1 H

the Lake and are

computed by adding ! 3 6 i
historical outflows to the _’;,J'Y S % Yt le J&e
storage change eslimated

from walcr Jevel . ; 11 Vﬁ%‘b‘@ ]

fluctvations for a aé‘% g:é V M
particular time period. . AW \

& o
Prior to 1963 the WY LV
compuled inflow values o
were oblained from the >
United Siates Army s

- e [ . L Ll - e v .~ —

Corps of Engincers

{1978). Afler 1963 valucs Figure 8 Lake Okeechobee inflow versus key indices -
were computed from normalized values (1984-1995)

hydrologic data oblained

from the South Florida Water Management District.

Large ncgative SOI values are indicative of an El Nino Event while
large positive SOI valucs are indicalive of an La Nina Event. An increase in
Lake Okcechobee inflow with the EI Nino-Southern Oscillation warm sea
surface temperature is apparent. In fact all of the moderatc and strong EJ
Nino events reporicd on by Hanson and Maul and included in our period of
study exhibited greater than normal Lake inflow except for the 1972-1973 El
Nino events. In addition, the severe droughts of the mid 1940’s, 1950’s and
carly 1970’s were marked by sirong La Nina events. The effect of the 1972-
1973 ENSO event was likely counteracted by the jow geomagnctic activity
during the same period.

It is interesting to note that the 1959-1960 period was not
accompanicd by an ENSO cvent (sce Figure 5). The geomagnetic activity,
however, remained very active during this period as Lake Okcechobee
received it's largest two year inflow. Two separale peaks of Jarge inflow to
the Lake appear Lo correspond to separate peaks in electromagnetic activily.
In addition, the drought of 1980-1982 appears to be associaled with a
minimum in geomagnetic activily and the sunspot and geomagnelic activity
being out of phasc with cach other (see Figure 7). Paine (1983) presenled a
bypothesis that would conncet large anomalies in rainfall along the castern
coast of North Amcrica during this period to solar activity. A wcak La Nina
cvenl occurred in 1982 Lthat may have had the «ffcel of prolonging this
drought afier (he geomagnetic activily increased in carly 1982, To understand

e b dnden serun. ol Murmiar o Megnive SO intes Lok baflaw

*National Geophysical Dala Center, Boulder, Colorado, U.5.A.
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the factors effecting south and central Florida climate and therefore Lake
Okeechobee inflow, the geomagnetic disturbances, sunspot number and ENSO
events appear to need consideration in unison. During certain periods the
effects of these processes may work together to enhance the likelihood of
severe floods or droughts or sometimes to work against each other to lessen
the likelibood of an extreme event. In addition to the indices discussed above
the suns polarity and month of the vear is included as input for the neural
network.

A BRIEF INTRODUCTION OF ARTIFICIAL NEURAL
NETWORKS

An artificial neural network (hereafter referred as neural network or
network) is a computing method inspired by structure of brains and nerve
systems. A typical nevral network consists of a group of inter-connected
processing units which are also called neurons. Each neuron makes its
independent computation based upon a weighted sum of its inputs, and passes
the results to other neurons in an organized fashion. Neurons receiving input
data form the mnput layer, while those generate output to users form the
output layer. A neural network must be trained by data for a problem. The
training process is to adjust the connecting weights between each neturons so
that the network can generalize the features of a problern and therefore to
obtain desired results.

Among other advantages when compared with analytical approaches,
the neural network approach does not require human expert knowledge in
terms of mathematical descriptions of the problem. A neural network is
trained from training data sets. This made neural network a desirable tool in
dealing with complex systems, especially those of which the analytical
descriptions may yet limited while their solutions are more of concerns, such
as the problem discussed in this paper. The mathematically descriptive
knowledge of the relationship between the solar activities and our regional
chmate fluctuations are limited, while the outcome of the ¢limate may vield
significant 1mpact on water management.

Neural networks have received attention from many professions. In
water resources and hydrology, neura) network has also been finding its
various applications (Karunanithi, et al,, 1994; Smith and Eli, 1995; Crespo
and Mora, 1993; Grubert, 1995, Raman and Sunilkumar, 1995; Derr and
Slhatz, 1994)

BACK PROPAGATION

Among the variety of neural network paradigms, the Back-
propagation is the most common in use and has been applied successfully to a
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broad range of arcas such as speech recognition, autonomous vehicle control,
patlern recognition, and image classification. Its training procedure is
intuitive because of its relatively simple concept: adjust the weights to reduce
the error.

Back-propagation nctworks’ lopology arc uswally Jayered, with cach
layer fully connected to the layer before it and the onc next lo it. The input
to the network propagates forward from the input layer, through cach
intermediate layer, to the outpul layer, resulting in the output response. when
the network correets its connceting weights, the correction process slarts with
the outpul units and propagales backward through cach intcrmediale layer to
the inpul layer - hence the term Back propagalion,

A typical back-propagalion ncural network has three or more layers
of processing units, Figure 9 shows (he lopology lor a typical three-Jayer
network. The left most layer of the nelwork is
the input layer, the only wnits in the nciwork —
that reeeive input data. The middle layer is also
called hidden layer, in which the processing

units are inlerconnceled to layers right and Jeft. NS AT
The right most laycer is the output layer. Each ﬁ}.*\?"
processing unit is connected to every unit in the .{‘?‘mt‘é.
right layer and in the left layer, but'it is not ‘q‘:‘&.g“,‘(
connecled Lo other units in the same Jayer, A 2 5% y,

back-propagation network can have one or —O ’\_
more than one hidden layers, although many
have one or two hidden layers.

There are two phases in its training
cycle, one to propagate the input patiern and
the other to adapt the oulput. it is the errors
that are backward propagated in the network sayer  Gaver
iteration to the hidden layer(s). Figurc 9 Schematics of 3 three:

A delail description of the mechanism  layer, back-propagation ncural
of back-propagation neural nclwork can be nctwork
found in books in the field, such as the one by
Rumelhart and MaClelland, 1986.

input Hodden Output

1nyey

CHOOSING A NETWORK CONFIGURATION

The size of input layer and output layer are fixed by the number of
mputs and outputs our prediclion requires, i.c., § inpul laycr neurons for all
the five mput vanables, a single oulput neuron for the predicied change of
inflow to the Lake Okceecliobee. there is no universally applicable formula to
be used for deciding the size of middle layers. In gencral, networks with too
many hidden neurons tend to memorize the input patterns and may lack of
generalizalion, while those with too few hidden neurdns may not be able to
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simulate a complex system at all. In the former case, a network responses to
the training data very well, but when presented with the data it has not seen
before, it falls to generate responsive outputs. In the latter case, a network
may not have sufficient dimensions to be trained for the problem and its
performance may not be improved no matter how many training it received.
A network with more hidden neurons also requires more computing power
and more training time needed. The best way to determined the number of
middle layers and their sizes is trial-and-error. This can also be helpful to
reveal the underlining relationships between variables. The rule of thumb is
to start with the smallest size possible for a given problern to allow for
generalization, then to increase the size of the middle layer(s), until the
optimal results achieved. :

We experimented with both one and two hidden layer configurations,
with the size ranging from 3 neurons to 11 neurons, and found the one hidden
layer with 6 neurons most suitable to the problem.

INPUT DATA PREPARATION

This procedure is crucial to the success of applying neural network
approach. The performance of a neural network largely depend upon the
data set it was trained. in general, the better the training data sets represent
the objective system, the better performance of the neural network. The
preparation includes the selection of input variables, the examination of the
data to eliminate bad data points, averaging, and normalizing.

The selection of input variables is solely problem dependent. After
analyze the problem, five variables were chosen for this study. They are;
Southern Oscillation Index (SOI), Sun Spot Number (SSN), aa-index, polarity
index, and month index.

Extraneous data are not relevant to the generalization and therefore
need to be carefully eliminated. All our input data were examined for
eliminating spikes resulting from bad data.

Our goal 1s to use the information of past 6 months, including current
month, to predict future 6 months inflow to the Lake Okeechobee. Therelore,
a six month running averaging is applied to the raw data. Al input variables
were averaged for past six months, including current month, and the observed
inflow data was averaged for the future 6 months. This is also necessary to
further factor out local noises of the data (Derr and Slutz, 1994).

Because neurons at the middle layer fire when their input data
exceeds a threshold, neural network are more responsive to a particular range
of input data, it is necessary to normalize the data to the range from 0 to 1.
This was drne 1n two steps. Step one, normalizes each variable by using its
respective mean and standard deviation as follows: normalized value =
(original value - mean)/standard deviation; and, Step two, uses Sigmoid
function to further nommalize the data to the range from 0 to 1.
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NETWORK TRAINING

The prepared data are 6 lime scrics dala scts, S for input variables
and one for Lhe target values. The duration of this time series ranging from
March, 1933 to July, 1995. Each sct was divided into two scctions, one for
training and the other for testing. An assumption on which this prediction is
bascd is thal the past data provide adequate patierns {rom which future events
may be deduced.  The duration for training data is from March 1933 through
April 1987, lotal 650 averaged monthly data points. The duration {or the
testing data is from May 1987 through July 1995, total 99 dala points.

All the training and testing of the neural network was doncona
SPARC 20 workstation. Typical Lraining times Jocated between one to five
hours.

RESULTS AND CONCLUSION

After training, the testing data were presented to the network lo
generaice the prediction results. It was found thal a network configuration of
one hidden layer of the size of 6 neurons achicved the best prediction resulls
as shown in Figure 10. The fest data sct contained a moderately severe dry
period from September 1988 through May 1990 and the very wet year of
1994, The neural '

*

Laks bnflcw {Culric Memry)
==

predict both of these

central Florida’s

lactors. The best global . wb‘?\\ H}/\‘:‘/. \\.J M?\’fu i
1988-1989 period was a

network was able (o
events illustrating the .

sensitivity of south

hydrologic conditions to :

the global climate ) AW A?
indicator of a possible \}1/ i

drought during the .

very strong La Nina that T Y T T P TV ey

occureed during this Tims OF Pradesiom
period. The geomagnetic | —— OuestPan 6hkomtinion oo Prcdised Paaee § bont Ioiom

activity was high during = ——memr—cmr——.—

this period and appears Figure 10 Lake Okeechobee predicted versus aclual inflow (6
Lo be out of phasc with middle laver neurens - prediclors: SO, sunspot pumber. ao

Lthe SOI as an indicator index, polarity and month)

of drought for the region (sce Figure 8). This likely explains why Uic nctwork
did not predict as severe a drought as the onc that aclually occurred and
might be expected by the strong La Nina event. The magnitude of the peak
ol the 1994 period was better predicted by the network. The predictions may
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possibly be refined by also training the neural network with trends of global
mdices. The predictor should be useful for operation purposes of Lake
Okcechobee when used in conjunction with existing hydrologic conditions in
the Lake Okecchobee tributary basins and the Lake Okecchobee water level.
The increasc in . .

geomagnelic activity in . =
1989 may have been a
precursor of things to
come. This high level ol
aclivity has comtinued
through the 1990,
Inflows to Lake
Okecchobee have
returned Lo more normal
icvels as illustraled in
Figure 11, There has -
also been an extended El

Nino event thal

cnhanced [lows during . .-
this period. The last i

three decades have been Figure I1 Decadal shifls of average inflow (predict refers to

very dry for south central peural network predictions - mean refers Lo period 1933.1995)
Florida as indicted in

this same figure. The neural nctwork was able indicale the return to a wetter
condilions.

A hirth Averape

ke Inflnw {Cobee Mekcry)
ikl
i

FUTURE STUDIES

The results of this rescarch, in addition to providing a tool for
refining water management praclices, Icads to interesting questions. The
interdecadal fluctuations of inflows to Lake Okecchobee appear to be tied to
MMuctuations in solar activity. How are the climate shifts due to natura!
ftuctuations and thosc of a permanent shift such that might be caused by
increasing the greenhouse effeet isolated? Can long term solar cycles and
greenhouse warming be predicted well cnough so that interdecadal changes in
climate can be predicted? Could this information be used to refined water
management short lerm practices or long term plans? Can neural nctwork
technology aid in determining climate shifts?

It wili be interesting 1o explore the neural neiwork to predict five or
len years of Lakc inflows (o sceif Jonger term climale shifts can be predicted
by a neural network. In addition, experiments including other global inputs
such as the Pacific-North American (PNA) index, the Quasi-Biennial
Osciliation, and the North Atlantic Oscillation need to be considered.
Rainfali and temperature anomalies in Florida also scem related to global
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Rainfall and temperature anomalies in Florida also.seem related to global rainfall
and temperature anomalies and may also be considered as input to the neural
network. Comparison to the predictions of traditional methods such as statistical
analysis is also desirable.
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APPENDIX B. Sensitivity Analysis Results - 2010 Demand Projections
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APPENDIX C. 1990 Simulations - Performance Measure Graphics






Performance Measures for

Lake Okeechobee






307 ‘U Uo AL

06 300D 06 WSH 06 ¢gH 06 s2d

0 0
o00¥ |- 000%
" ] 1
& o008 - 0008
Q i 1
a -
m 00021 + 00021
O R §
-
o o i
@ 00091 00051
= i | :
> ZH0P N
[ ) ,
W 00002 | 60¥ - 00002
B wseg 21007 1§ .
g00ve i misegy SOYNBYRSOO[E) | ] 0002
u S,BO/\ O} S3SER[OY | .

uonenwWIS (G661 — G961) JA LE 8yl 10} 88qoY28eM 0 o)E]
WO0.} S8Sea|ay [04JU0) pooj4 |el10|

(4—0® 0001) BWn|oA

(-2



e6—LE-TL

eaqoyosey e 4o} sydeiboipAH ebeis Ajeq

1991

dADN

TADN 193

<t



MOT '] {8A07 ‘[BlUBWUOIALS

Lake Stage (ft NGVD)

Papa00x5] 10 pafenbs] QW] JUIDI]
09 )2 174

= 06 HOD «— —
i D6 INSH » —

06 Z¢Y ==

06 STd ——

......... L BSLISLINLINEZL BLINE IO T B N B N B L L O B L N N L N O N N A B
1 1 ] v H 1
. '

.........

saAINy uoljein(] abels aaqoyoseay() axe]

(QADN ) oSmg oyery

=)
—_—

L1

81

o



(ZL6I~£S61)52301S [0014015TH YRk pasvduiod (S661—SI6I)SoaNvULNY pAvIRwls
06 400 06 WSH 06 224 06 szd [BOLIOISTH
|

1 I I 1

WA

amn0mxi 67

umpopy

appusaad g7

WATHIXER]

sa8e}Q e Ul LJLIR[IWIS ~ U077 [RI0))I'] 32GOYIIN( Ne']

0’8

0°01

07l

o'l

091

0°81

0°0¢

(122,4) 28p1S 22q0Y22230 24YVT

C-5



(ZL6T—£S61)533D18 1DILI0ISTH YNM panduiod (S661—S961)5ADULNY pADIRULS

06 0D 06 IWSH 06 T2y 06 s2d [EoLIo)SIH
I I I t I
{ 10
1 00T
1 00¥
WRinLIY
st vy
1 009
UBIp2[Y
snuaodad ¢ i cgw
WNWiKepy
_ ) _ _ _ 0001

199 ST < SIUAAT 3§ JO uonRIN( Ut AJLIB[IULS — JUOZ [RI0INIT IDGOYIIN() e

(sdn() spusazg a8mg fo uoyming
C



(ZL61-ES61)52301S 10IL0OISI YNM Pasvdut0d (S661—S96 1)SIANDUIINY pasvinuls
06 30D 06 WSH 06 2T 06 sTd [EoLI0)STH
T

Ry
ajpuasad g7

Hale i}

amuosad ¢

WX

399) 7T > sode)g uoneIng ui LJLIRAWIS — JUO7Z [RJI0)I'T 33GOYIN() e

0
S
b
001 §
@
-
8
2
8
007 %
=
)
s
-]
00 B
N
g
00t
00§

-1



(TL6I-£S61)553D1§ (0I10ISLH Y pasodutod (SE61—S96T)S2ANDUIZIY PIADINULS
06 40D 06 WSH 06 ¢zd 06 st [BILI0ISTH
t

| T ! I

umwmgy
ajuuaaund 67

uzmIpI

shuaouad ¢

WKy

399j |1 > S)udAj age)S Jo uogeIn( ul AJLIB[IMIS — JUO7Z [RIONNI] QOGO 48]

S

001

00¢

00€

(sdvq) spusag 2815 fo uoyvin(y

C-%



(ZL6T~£S61)52303S [DO110ISTH YIM paindutod (S661—-S9ET)SPAYDUISNY PADINULS

06—HOD 06-WSH 06—-7%4 06-52d TVOIIO.LSTH 0
I
I

2

4 ¢ m

o

oy

J

&

S

&

s'

8

8

o>

&

&

101 3

>3
SABD 00T < 303 ' 11 > 98v1G SOWI], #
JeoA T < JOI ‘) 7] > 98mg sowi #
sIEak 7 < 10] Y T < 23wig Sawl] #
IBaK | < IO ') 9T < 28e1§ SoWl], #
SKBp OC < J0J 'Y L1 < afmig sowny], #

1 i 1 | | m.—”

SJUIAT 28RS 29qOYIIIR YR’ A[GRIISIPU() JO J3quUINN

C-4



MOT Il ieA8T 'BlUBLILOYALT

Ieo k
68—~ 8-~ Ge-i-1 102l St

T T T T 1 T T T T T T T
' \ h ' .

' ' i

1 i |

4 i 1

S6—1—} ¢6-1e-¢l L6-1-1 18-L—1

A A S S

TH W IR

1 i 1 1 1 1 1 L m L 1 1 m i 3 1 i L 1 1 m 1 1 i _. L 1 1 ON
gLt Li=2—} 89-1-1 L9921 510l A |

T T L} _ T T 1 T m T _ T T _ m Ll B
m ] o1
. k. 1, @
- " ﬁ...im ¥ - Jl‘” .x.A.y -] Nw 9
R T A _ L T 4 ] o
. L B ; Ny &..\ . ] -
Y . a m .fm_/ ; “m_ - Pl | v ,.x\ “ -._rm vw N
SR NEAM L, S S RV A ¥ - g ] ')
T R e R [ Y Y
i mf....:”., ™ f 5 / . | _] mw_,. A
: P Ix i 1 1 ' p G
: " b RTL 3
: R .. VA \y
| {kepd-er) mopuim piig Buipepy | ] 8t
1 n i H L 1 1 H 1 1 1 ! I L 1 : o H i 1 1 h 1 1 1 { 1 " 1 ON

SMOPUIA piig Buipepn
98q0oy20eM(Q eyeT 1o} sydesboipAH abeis Ajreq

C-iv






Performance Measures for the
Caloosahatchee and St. Lucie Estuaries
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Performance Measures for the
Lake Okeechobee Service Area
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Performance Measures for the

Everglades WCAs
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Performance Measures for
Everglades National Park
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Surface Flow (1000 ac-f)
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Surface Flow (1000 ac-ft)
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Performance Measures for the
Lower East Coast Service Areas
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APPENDIX D. 2010 Simulations - Performance Measure Graphics
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Performance Measures for

Lake Okeechobee
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Performance Measures for the
Caloosahatchee and St. Lucie Estuaries
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Performance Measures for the

Everglades WCAs
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Performance Measures for
Everglades National Park
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Performance Measures for the
Lower East Coast Service Areas
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APPENDIX E. WSE Simulations for 1990 & 2010 - Performance Measure Graphics
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Performance Measures for

Lake Okeechobee
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Performance Measures for the
Caloosahatchee and St. Lucie Estuaries
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Performance Measures for the
Lake Okeechobee Service Area
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Performance Measures for the

Everglades WCAs
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Performance Measures for
Everglades National Park






Z'EA WAMAS
Auo sesading Buuueld 1o4
tZLe el 860 (8PP Uny

Ol ASM 9 ey

01 624 = ~%
06 ASA w----n

06 524 — |=.

PPISN - -

Y (WAMN0'9 AT ------ I

V(NSNS AT »=-e--

hi:23 ¢
G6-k-1  26-1€-2L  I6-l-L  68-l-L  /8-b-L  §8~i-|

£8-1-1
Y T T

L8~1-]

o't

!

JADN 199

T

6L—¢~} LL~1—} Gi-g—) (5 Aa Nl b=} 69-1-1
T T T 1 L T L] 1 L] T T 1 T T T T T T [} T

T

i ' ' ' i
H + i i .
) + + L3 L}
i I | ' i
H i i ' i
H H i ' '
' ‘ i : '
H i ' . '
' i ' r '
i ' i ' .
" ‘ . 1 L)
' i ' ' '
) ) ) 1 1}
' ‘ i H .
' H H 3 i i
. i i . i N
H H 1 A i Hel
H H . : 5 i
' ' ' . ' H
' H H Ol 3 H o
' ' ' 1 S W1
. g ' N B ' hor
h o ' L d i ko
+ o 1 H * . . ' N
1 h 1 - 3 H . i i )
1 o ] Fl ] . i ' i
H o ! I H B : i N
| ! ' ey : i A o
[ [ B A B ' 4 1 [
H 1S B IR W] 8 o I ta
1 b . i + X Sy 1

D L R R R R e e T . e L ¥ L R A e -
% sl vy Atk il 1) . ) !
H A . : H \ L

S ot . oy " L . .o ] -
O AN : L - 5 [ . - AR )
- B . . r . ] L. b

!

QADN 199}

810 614 118D ‘dN3 ‘029-5 ebey

SHS MN ut spueT ey 4oy ydeiboipAH abels

0’6

-45



m_m.o manonm:‘m Suuumy 104
PS84:2) 96/PEP0 (81BD UnY
P2 ﬁuooxm J0 ﬁuﬁmﬁ@m QU 1U3VI3g

Q01 08 09 )7 0¢ 0
.M ....... [T T erryTrIy L AL Y L [TrTTTTrTT YT rrrrrrrTTy [T TTTrTITT 17 [T T T T TTTT TTT T T T I T [T TTTT1TT H
¢ b ¢
—~~
o &
> 7a
@) 1 o
N - b \.,......./.J 3
iy s T
£ "z
42 D it}
o0 <
8 >
£ N’
N
TOT 2SM » —o
DOTSTd ¥ - -~
) 06 FSAM =-----n
D06 STd
D PHIASN - -
|

810 614 1180 ‘dN3T ‘029-© aben)
SHS MN Ul sSpue B\ 10} SeAInn uoieinq ebels



ZEA WAMIS
Ajuo sesoding Busiusd log

626121 QEAEHHD BIEp UNY

183X

S6—1-| g6—1Le-¢t L6—1-} 68-1—} L8=1~1 Gg-i-1 £g-1-1 18-~}
¥ 1 T T T T T ¥ T T T T T v T _ T T T _ T T T _ T T T

!

j

6l-¢—L L7l Si-c-1 €L} YAy 69-1-1 LO9-2-1 G9

orasme —of_ 3 TN NN T N R T R A T T T I R At

o1 Szl — -v|. 4

86 ISH »----u |

06 STd

.V.vzmz PR —

U (FOAMIO0L A7 ------
Y (NSNXOD'L A% ------

'
1
4

JADN 199§

=1
o¢

dADN 1997

610 LeY lieD ‘102-dN oben
ubno|s JeAly Jieys uieylop ie ydeiboipAH ebelg

E-47



DOT HSM »— —o
ADOTTETY ¥ ~
D06 HSM »----»
)06 €Td ——

Aup sesoding Buuuety Jod
Zhib2l 86D eep Uny

PIPasOXy J0 PaTenby awii], U

1 ' . 1
..................................................................................................

ybno|S J8AIY YIeyS UIsyuopN 1e seainn uoijeinq ebelg

61D 12d 1180 SN dN ommo

& S
—~ 9]
0 8
> 09
G. 14"
Z | e
E | 1z
A "

m- 1 8

E-48



2'8A WAMLS
Aug sesoding Buwueyd 1o4
9¥:61.21 BE/PE YO JONP UNY

S6-1-1

c6-LE-2l

T8 X
68-i—1 i8-1-1 1 il Sl §

16—

=1

 —

i

i H 1 1
' h H i

) i i

S | s, B . Ay Uy PV 1 U

H 1 s H
' A i
' A . ] S
' : St - M . ;L
' k v L N S i oL ALY

' A W " ! H

. B | [ g .

' - E f ' : ™ 4 .1

H L] A o *a HE L H a
P ‘ no 3 I RN 1 3 1 g
& Y . i / - k " LA . " .. A
% - T : N . v N . ' - N i “
] B y v ‘ Y I . : P B S h w i
] . S [ T R e . + r ]
+ . A [ [ [ R DR b I K
. ' 1 1 A e N “ . A .
LA N i FRE IR M e N
LAY . - 4 i v H . 1 - N

[ o — \ ' H '
[ Lo ‘ ' ' 1
i ... L i ' i i
1 g . [ i 1 1
' H ' H .

T T T T T T T T T T T T
' : ' '

| »\,.c\,.& { ]

' v » 1l ' i
1 1 1 1 i n 1 L 1 i 1 'l 1 1 L. 1 I 1 1 1 i

004

gl-i-1 £9-2-1 §9-1-1

o1 IsM @ —o |\

(1] 4. I

06 ASM u----u

06 578 —— [

¥ AWAAOT D AT ------ |
U {NSNIOT9 A9 ------

LLm)L =) S/-¢-1
T w T T T T ﬂ m Ll O.N

1 + 1 i Il 1
1 L 1 1 i, L 1 1 1 1 1 1 1 i L 1 A L 1

0L

2O L2 1190 ‘2-SHS3AN eben
ybno|s Jeniy Mreys "IN e ydeiboipAH ebelg

AADN 1995

dADN ‘19?.1

E-49



DOT HSM «— —»
OIS + — ~
D06 HSM =-----n
A} 06 ST
) PPNSN -+

Stage (ft NGVD)

Ao sesoding Buiuusld Jog
224124 B6/F/P0 9)BR UNY

Papeoxs 10 parenby awin], JuadIg

N .................. T T T T F T T T T T T T T T TTFT LI B A FY T T T T T T I T TTTrree iy TTTTTTTTTT ryTrr T T TTrrrrrrrf N
. ' ' i
: -
: 4
i y
' E
;
Pt & =y e T @
- - |
i
H
H
:
i
- ! i 3
O— TR TSR E N TR N NN R Y TS DTS E T E SN TS RV EER [ T A O OO0 T T I T N N W O Y I | O.—.

2D 12y 119D ‘2—-SHSIN oben

ybno|S Jealy Yeys ‘IJ'N 1e seAin) uonelnqg ebeis

(GADN 1) 98e1g

E =50



2'CA WAMIS
Aigy sesoding Buiuued 104
61:02:CL 86/ 3/F0 (618D LUNY

I8o X
66-i-1  26-18-8k  16-i-k  68-L~}  /8-k-L  Sg-l-L  £@-1-L  i8-
T T T Ll T T T T L] T Ll ] i T L T T T T T T T _ T I Li

T
'
'

¥
i

T T
1

020 LY 118D ‘€€-dN 8ben
)ied jeuoileN sepe|bion] je ydeiboipAH ebeis

ST Al At} L1 Qi-c-| ELE-) LL=d-1 69-1-1 L8-¢~} G9-1
¥ T T _ 1 T T T T T T Li T 1 ¥ 1 T T 1 Ll L) L] T T

0e

JADN 199}

—4
02

TADN 199

E-57



M_mm mmuon_unnn_ Bujuueld 104
v L2 86/ 0 109]18P UNY
ﬁo._uwooumm IO ﬁoﬁﬁﬂ—um— Oaﬂﬁ uﬂ_oo.ﬂohw

14 ¥
a 1 @
> 0
&) D
pd ™ Q,
ey
= M N
e}
=y <
3 o
S p—

D

Y01 HSM » —
VOT ST ¥ — =

020 1Y 118D ‘€€~dN mmm_@
yied [euoneN sape|bian] je seain) uonelnq abeis



2'BA WAMLS
Aup sesodimnyg Buluuely Jo4

OF-0¢:2} B6/PEv0 .8iBp UnY

Ol ISM @ —o
D1 ST »

06 FSM m----= p X7

06 5TH
FEINSN - - -

YV{AWAIOTT AT weene [

B (NSNIOT'Z 4973 <~

2D ¢

=1

g6-l-t  26-1g-2l

L6- 1} 68-1-1 £8-1-1

G8-1-1

1 T
1

g8-I-t I8~

Lim1=1 SL-e-i (57 Al S § =2} 69-1-1

T T T T LI T T T T
M . ’ "

’ ' H H I i
A i i 1 ' 1 L

0'e-

¥2O LY 119D ‘LG2 LD 8bey
uiseg || 1-0 le ydeiboipAH ebeig

AADN 1097

AADN 1997

£-53



WO T EY T bl W
Aug sesoding Buuuey Jo
£1:81:21 B6/FE/PO - 8IBp UNY

DPIPaaox3] Jo paenby oW JUDI]

001 08 0% Of 0c 0
[ S AR SRS AR A AR RARBAREAR RARRRLRRL ARRRARAA AARRARAR ARARRRAE AR T ARRAREARS

<
]

Stage (it NGVD)

o™~
T T T

0T GSM = —o
.O.—lmﬂm ¥ ey
06 HSM ="
106 €T ——
PPIASN -
N

¥2O /Y 1190 ‘1§21-D %mo
uiseg | | -9 e seain) uoneinq obe)g

-~
bl

(QADN 1) 98u18
E-5y

o]



1000 acres

e EA WWMAIS
Alug sesoding Buiuue|d 104

2Q-GLE1 85/P2/PQ (BlEp LY

08

Oye

cee

01

she(]

HoEilio; 52T 0/ 1efioy - Of HI0LE 8 On 1EeUs 022031
rabiuns O -G8 . e I

NS SRR (4L

(SN It SOURW BII® 4,/ HC) (0] HSM
(SN M4 4 SUDIRW BRI %,£°¢6) 0] 57y
(NSN Uit SOUDIRLI RTR 2,0 Ch) 06 ASM
(JASN UHM (SOUNRUL BRI 25 pp) ()6 5TY

B0 DOYIBY = RaLY P10

uonenwis "JA |Lg 8y} 10} Yied jeuoneN sepe|biong ay)
10} sayojew pouadodpAy WSN Uean

9

£
i

#

fal
L]

I

(%

IS

A

91

¥a

Gy

SN weyy :abuo| Je jsuoys shep pouadoiphy og 0] spuodsalioa yolep,
SN 01 peredwoa se Jafiuol Jo Jaticys sAep ponsdoipAy sjueseidal sixex (sloN

S8I08 0001

E-55



Overland Flow (1000 ac-ft)
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Surface Flow (1000 ac—ft)

9]¢

o
o
=

004

008

ZEA NNMLS
Aup sesoding Buiuveld o4
BF80'2} §6/P2/F0 101EP UNY
‘Aluo sesodind sajesedwed Joj UMoys a1e pue siefiel | ON 2ug SMO|} SN "SSAIIBUISIE SOW 10} m“mm:.B
[euoielado se pasn aJe sU0IEo0| 8BEB N3 A8 I syidap solem WSN "9¢ NIY) 2 SUWNO] 2T MOY S(j82 10} SMO}} pUelion0 sjuesaidal Mo|4 (0ION

. OL G926 _ 06 924 ) 06 SZH

04 dSM 06 I8M PYINGN _ N — 0
g - 002
: ] )
L ] o
I . =
C 1 Ly
. 1 0
. 1 5]
- ] K1
g - 00 Wx
N ] =
[ ~~ N
. e
” Logy
; . ] av
[ -4 gog ©
[ 0£—1 01 1X329—T7 1 0Co nw
: I
[ 9T-TTD TT w0y |
. (Arpy—a0N) uoseog A I 1 008
I (100)~1n[) UOSEIG 1M ]

polad uonenuwis JesA L g 8yl 1o} 1x8/9-1 40 1SeJ R 1SOM
‘led| 1welwe] Jo YINoS dN3 0} SMO|4 PUBHBAQ [enuuy abeieAy



Surface Flow (1000 ac—ft)
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Performance Measures for the
Lower East Coast Service Areas
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APPENDIX F. Environmental Performance Measures - LORSS
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1. LAKE OKEECHOBEE LITTORAL ZONE:

Performance Measure No. 1: Similarity in Lake Stages- The lake stage (median depth, 25 and 75
percentile break-points) of each lake regulation schedule alternative wili be compared to the period of
historical record (1950-1972).! Alternatives which have the greatest degree of similarity with the
histor.zal record will be considered better.

! Qutputs to be analyzed include: a whisker box plot type analysis of lake stage

Principal Objective: Protect littoral zone aquatic resources, and improve waterfowl and wading bird
habitat.

~ Rationale: The marsh community that developed during the 1950-1972 time period most closely
resembles the “desired” condition for this portion of Lake Okeechobee. The fluctuation in lake stage
during this time period is assumed to have led to the development of this community. The alternatives
that demonstrate stages that are most similar to this historical record should sustain or rejuvenate these
marsh communities.

Citations: Hanlon, C. G., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of
Engineers, Jacksonville District.

Havens, K. E., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Johnson, C., 1996. Letter from U.S. Fish & Wildlife Service dated April 20, 1996 to U.S. Army
Corps of Engineers, Jacksonville District.

Rosen, B. H., 1996. South Florida Water Management District. Personal Communication.

Smith, J.P., Richardson, J.R. & Collop}',‘M.W. (1995): Foraging habitat selection among wading
birds at Lake Okeechobee, Florida in relation to hydrology and vegetative cover: a broad overview.-
Arch. Hydrobiol. Beih. Ergebn. Limnol. 45: 247-285.

Stage Hydrographs for Lake Okeechobee, Florida: period of record 1950 to 1972, U.S. Army Corps
of Engineers, Jacksonville District, Engineering Division.

Performance Measure No. 2: Similarity in Fiooding Duration- The duration (median length of
time, 25 and 75 percentile break-points) for each lake stage event over 15.0 feet NGVD for each iake
regulation schedute alternative, will be compared to the period of historical record (1950-1972).1
Alternatives which have the greatest degree of similarity with the historical record will be considered
better.
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' Qutputs to be analyzed include: a whisker box plot type analysis of lake stage duration above 15.0
feet NGVD

Principal Objective: Improve marsh and littoral zone ecosystem health, diversity and productivity.

Rationale: The marsh zone in Lake Okeechobee developed after the Herbert Hoover Dike system was
constructed and is constrained to areas within the dike, During periods of abundant rainfall, the marsh
may become completely inundated, which starts when lake stage reaches 15.0 feet NGVD. Occasional
inundation is part of the normal cycle for marsh plants. However, if the marsh experiences prolonged
high lake stages, certain vegetative communities suffer ecological harm, including willow habitat, and
submerged aquatic vegetation. In addition, fish and wildlife associated with these habitats are also
harmed. By optimizing the duration that the lake remains above 15.0 feet NGVD, ecological harm
caused by prolonged high water may be reduced, and the benefits of occasional high water are
sustained.

Citations: David, P. (1994): Wading bird nesting at Lake Okeechobee, Florida: An historic
perspective-Colon. Waterbirds 17. 69-77.

Hanlon, C. G., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Hartman, B. J. (1996). Letter from Florida Game and Fresh Water Fish Commission dated April 23,
1996 to U.S. Army Corps of Engineers, Jacksonville District.

Havens, K. E., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Johnson, C., 1996. Letter from U.S. Fish & Wildlife Service dated April 20, 1996 to U.S. Army
Corps of Engineers, Jacksonville District.

Minimum Flows znd Levels Criteria, draft document dated March 5, 1996. South Florida Water
Management District.

Richardson et al. (1995): GIS modeling of hydroperiod, vegetation, and soil mutrient relationships in
the Lake Okeechobee marsh ecosystem.-Arch. Hydrobiol. Beih. Ergebn. Limnol. 45: 95-115.

Rosen, B. H., 1996. South Florida Water Management District. Personal Communication.
Smith et al. (1995): Foraging habitat selection among wading birds (Ciconiiformes) at Lake

Okeechobee, Florida in relation to hydrology and vegetative cover.-Arch. Hydrobiol. Beihl Ergebn.
Limnol. 45: 247-285.

Stage Hydrographs for Lake Okeechobee, Fiorida: period of record 1950 to 1972. U.S. Army Corps
of Engineers, Jacksonville District, Engineering Division.
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Performance Measure No. 3: Number, Duration and Frequency of Return of Periodic Lower
Lake Stages- The number of lake stage events below 12.0 feet NGVD during the dry season
occurring no more and no less than every 3 years, and for no more than 120 days and no less than 90
days, will be compared for each lake regulation schedule alternative.’  Alternatives which meet this
periodic low lake stage will be considered better. The number of lake stage events below 11.0 feet
NGVD during the dry season occurring no more and no less than every 7 years, and for no more than
120 days and no less than 90 days, will be compared for each alternative.” Alternatives which meet
this periodic low lake stage will be considered better. Note: a greater than 7 year return frequency
below 11.0 feet NGVD will be ranked worse compared to a greater than 7 year return frequency event.

12 Outputs to be analyzed include: 2 whisker box plot type analysis of lake stage duration: 1) below
12.0 feet NGVD; 2) below 11.0 feet NGVD; 3) frequency of return below 12.0 feet NGVD for 90-
120 days; and 4) frequency of return below 11.0 feet NGVD for 00-120 days.

Principal Objective: Improve wading bird foraging efficacy, nesting success and productivity.

Rationale: Periodic short-term drying of the littoral zone and marsh ecosystem may ensure the health
of willow nesting habitat, encourage the development of successional complexes of vegetation that
attract a variety of bird life for foraging, encourage nutrient recycling, and allow fires to clear thick
and unproductive cattail and torpedo grass.

Citations: Aumen, N.G. and Gray, S. (1995): Research synthesis and management recommendations
from a five-year, ecosystem-level study of Lake Okeechobee, Florida (USA).-Arch. Hydrobiol. Beih.
Ergebn. Limnol. 45: 343-356. -

David, P. (1994): Wading bird nesting at Lake Okeechobee, Florida: An historic perspective-Colon.
Waterbirds 17: 69-77.

Harrman, B. J. (1996). Letter from Florida Game and Fresh Water Fish Commission dated April 23,
1996 to U.S. Army Corps of Engineers, Jacksonville District.

Havens, K. E., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Minimum Flows and Levels Criteria, draft .document dated March 5, 1996. South Florida Water
Management District.

Richardson et al. (1995): GIS modeling of hydroperiod, vegetation, and soil nutrient relationships in
the Lake Okeechobee marsh ecosystem.-Arch. Hydrobiol. Beih. Ergebn. Limnol. 45: 95-115.

Rosen, B. H., 1996. South Florida Water Management District. Personal Communication.

Smith et al. (1995): Foraging habitat selection among wading birds {(Ciconiiformes) at Lake
Okeechobee, Florida in relation to hydrology and vegetative cover.-Arch. Hydrobiol. Beihl Ergebn.
Limnol. 45: 247-285.

Stage Hydrographs for Lake Okeechobee, Florida: period of record 1950 to 1972. U.S. Army Corps
of Engineers, Jacksonville District, Engineering Division.
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Performance Measure No. 4; Moderate Lake Stage Recession- The various lake stage regulation
schedule alternatives will be compared to see which alternative demonstrates the greatest degree of
similarity to the following lake stage recession scenario: a moderate recession of lake stage to below
14.0 feet NGVD during the period from January to May with no reversal greater than 0.5 feet over a
15 day period.! The optimal alternative shall be judged as the one with the maximum number of years
which display this pattern.

! The outputs to be analyzed include stage hydrographs
Principal Objective: Improve wading bird foraging efficacy, nesting success and productivity.

Rationale: A gradual recession in lake stage, coincident with the wading bird breeding season, has
reduced nest flooding, and concentrates prey organisms in submerged aquatic vegetation, canais, and
air boat trails within the marsh zone. Moreover, the highest wading bird foraging activities, highest
nesting activity among most species, and highest per nest productivity among all wading birds, were
associated with gradually declining lake stage.

Citations: Aumen, N.G. and Gray, S. (1995): Research synthesis and management recommendations
from a five-year, ecosystem-level study of Lake Okeechobee, Florida (USA).-Arch. Hydrobiol. Beih.
Ergebn. Limnol. 45: 343-356.

David, P. (1994): Wading bird nesting at Lake Okeechobee, Florida: An historic perspective-Colon.
Waterbirds 17: 69-77.

Havens, K. E., 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Smith et al. (1995); Foraging habitat selection among wading birds (Ciconiiformes) at Lake
Okeechobee, Florida in relation to hydrology and vegetative cover.-Arch. Hydrobiol. Beihl Ergebn.
Limnol. 45: 247-285.

II, WATER CONSERVATION AREAS:

Performance Measure No. 1: Using output from the SFWMM, for each lake regulation schedule
alt. native, compare wa-t depths, inundation frequencies, seasonal timing, frequency that each area
dries out, and the average length of time between drawdowns at key water management gages located
throughout the WCAs, including: for WCA-1: gage 1-7; for WCA-2A: gage 2-17; for WCA-3A:
gages 3A-2 (62), 3A-3 (63), 3A-4 (64) and 3A-28 (65); for WCA-2B: Site 99; and for WCA-3B:
gages 76, 71, 34, and SRS-1 . Alternatives which best approach natural system hydroperiods (as
defined by the Natural Systems Model, or if available, a re-scaled NSM), will be considered better.

Principal Objective: Provide more natural hydrologic conditions within the WCAs and protect and
enhance environmental factors and habitat for native fish and wildlife species.
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Rationale: Recapturing the hydrologic characteristics (hydropatterns) of the natural system (as
estimated by NSM) will maximize recovery of the remaining Everglades Landscape Patterns... which
will in turn, provide favorable habitat conditions for the recovery of Everglades wildlife populations.

Citations: Beissinger, Steven R. (1995): Modeling Extinction in Periodic Environments; Everglades
Water Levels and Snail Kite Population Viability. Ecological Applications, 5(3), pp. 618-631.

Lower East Coast Regional Water Supply Plan; Revised Draft Preview Document. SFWMD, dated
February 1995.

Performance Measure No. 2; Using stage hydrograph and stage duration outputs from the SFWMM,
compare water clevations and inundation frequencies of tree island dominated wetlands within

all WCAs. Outputs will be analyzed to determine which lake regulation schedules cause the least
exceedance of water elevation 10.4 feet NGVD' in south WCA-3A, and 12.5 feet NGVD? in north
WCA-34, in both number of days and frequency of event over a 25 year simulation period.

! As measured by a 2 gage average of gage 64 and gage 65
? As measured by a 2 gage average of gage 62 and gage 63

Principal Objective: Protect native everglades vegetation (tree islands) and wildlife communities.
Rationale: Various regulation schedules for Lake Okeechobee have regularly caused high water
conditions in the WCAs. During high water events, this has caused flooding of tree island

communities and impacts to native everglades vegetation and wildlife.

Citations: Caughlin, S. 1996. Florida Game & Fresh Water Fish Commission. Pers Comm.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Performance Measure No. 3: Using stage hydrograph and stage duration outputs from the SFWMM,
compare low water elevations within all WCAs. Outputs will be analyzed to determine the number of
times that water elevations fall greater than 1.0 feet below the ground surface for greater than 30

days. Those lake regulation schedules which demonstrate the least exceedance of said event will be
judged as better.

Principal Objective: Reduce the probability of Everglades muck fires in peat soils, and protect native
everglades vegetation (tree islands) and wildlife communities.

Rationale; Various regulation schedules for Lake Okeechobee have caused seasonal drying out of
certain areas within the WCAs. When Everglades vegetation and soils become very dry over a period
of time, the probability of fire is greatly increased. Hot, muck fires particularly can cause extreme soil
degradation, subsidence, long term harm to fish and wildlife resources and the environment.
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By maintaining soil inundation during periods of increased probability of fire, the occurrence of muck
fires is decreased and fish and wildlife habitat is protected.

Citations: Minimum Flows and Levels Criteria, draft document dated March 5, 1996. South Florida
Water Management District.

Schuette, J. R. (1996). Florida Game and Fresh Water Fish Commission. Pers. Comm.

II1. ST. LUCIE AND CALOOSAHATCHEE RIVER ESTUARIES:

Performance Measure No. 12: St. Lucie Esary: for each lake regulation schedule alternative,
compare the number of times that minimum mean monthly flows from the lake and watershed fall
below 350 cfs at S-80 for the entire 1965-1990 period of record.! The regulation schedule alternative
with the least number of times flows fall below 350 cfs, as measured at $-80, will be considered better
for protecting aquatic vegetation, seagrasses, invertebrates, and fish communities. The target is to
have no more than 48 violations for the entire 1965-1990 period of record.

! Qutput will be presented as a bar graph with alternatives on X axis and # times minimum mean
monthly flow criteria not met (violations) on y axis

Performance Measure No. 1b: St. Lucie Estuary: for each lake regulation schedule alternative,
compare the number of times the minimum discharge criteria (average flows less than 350 cfs at S-80)
were not met for 1, 2, 3...consecutive months for the entire 1965-1990 period of record.” The
regulation schedule alternative with the least number of consecutive violations of this criteria will be
considered better for protecting aquatic vegetation, seagrasses, invertebrates, and fish communities.

2 Qutput will be presented as a bar graph with alternatives on x axis and # consecutive months
(violations) on y axis

Principal Objective: Maintain sufficient minimum mean monthly flows from the lake to augment

basin runoff, when necessary, in order to maintain favorable salinity envelopes and water quality
within the estuary.

Rationale: Insufficient fresh water discharges during the dry season, contribute to poor estuarine
water quality including inadequate fresh water to maintain desirabie salinity envelopes. These events
have had direct effects on estuarine seagrasses, fish and invertebrates, including critical indicator
species eg. the American oyster and Vallisneria, by enabling the estuary to become too saline. Note:
this performance measure is a preliminary Pollutant Load Reduction Goal (PLRG) being evaluated by
the SFWMD through the Indian River Lagoon Surface Water Improvement and Management (SWIM)
Program as required by State Water Policy.

Citations: Chamberlain, R., and D. Hayward, 1996. Evaluation of water quality and monitoring in
the St. Lucie Estuary, Florida. Water Resources Bulletin. 32(4) 681-696.

Espey, Jr. W.H. and P.G. Cobbs (eds). Proceedings First Internationai Conference, Water Resources
Engineering, American Society of Civil Engineers (ASCE). 1506-1510.,
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Haunert, D., and R. Chamberlain. 1994. St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Haunert, D.E., 1986. Proposed supplemental water management strategy to enhance fisheries in the
St. Lucie Estuary, FL (Draft). SFWMD.

Haunert, D.E. and J.R. Startzman, 1980. Some seasonal fisheries trends and effects of a 1,000 cfs
freshwater discharge on the fisheries and macroinvertebrates in the St. Lucie Eswary, Florida.
SFWMD Tech, Pub. 80-3.

Haunert, D.E. and J.R. Startzman, 1985. Short term effects of a freshwater discharge on biota of the
St. Lucie Estuary, Florida. SFWMD Tech. Pub. 85-1.

Indian River Lagoon SWIM Plan, 1996.

Morris, F.W. 1987. Modeling of hydrodynamics and salinity in the St. Lucie Estuary. South Florida
Water Management District: Technical Publication 87-1.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
‘Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida,

Otero, J.M., J.W. Labadie, D.E. Haupert and M.S. Daron, 1995. Optimization of managed runoff to
the St. Lucie Estuary. Water Resources Engineering, Vol. 2.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No. 2a: St. Lucie Estuary: for each lake regulation schedule alternative,
compare the number of times the 14 day moving average exceeded 1,600 cfs as measured at S-80 from
the lake and the watershed for the entire 1965-1990 period of record.' The regulation schedule
alternative with the least number of times this criteria is exceeded, at any time of the year, will be
considered better for protecting water quality within the estuary. The allowable violations (target) for
natural variation is 4, for the entire 1965-1990 test period of record.

1 Qutput will be presented as a bar graph with alternatives on x axis and # times 14 day moving
average exceeded 1,600 cfs (violations) on y axis

Performance Measure No. 2b: St. Lucie Estuary: for each lake regulation schedule alternative,
compare the additional number of tiraes the 14 day moving average flow to the estuary exceeds the
1,600 cfs criteria for 14 days due to discharges from the lake for the entire 1965-1990 period of
record.”

2 Qutput will be presented as a bar graph with alternatives on x axis and additional # times criteria
exceeded (violations) on y axis
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Performance Measure No. 2c: St. Lucie Estuary: for each lake regulation schedule aiternative,
compare the number of times the maximum discharge criteria (average flows greater than 1,600 cfs for
greater than 14 days from the watershed and the lake) were exceeded for 1, 2, 3.. .consecutive months
for the entire 1965-1990 period of record.® The regulation schedule with the shortest duration of
violations of the criteria will be considered better for protecting aquatic vegetation, seagrasses,
invertebrates, and fish communities.

* Qutput will be presented as a bar graph with alternatives on x axis and # of consecutive months
(violations) on y axis

Principal Objective: Achieve and overall reduction in high volume discharge events to the estuary,
and improve estuarine water quality with a view to protecting estuarine vegetation, invertebrates, and
fish communittes.

Rationale: High volume discharges to the estuary contribute to poor estuarine water quality including
increased turbidity, color and exceedance of favorable salinity envelopes. These events have had direct
effects on estuarine seagrasses by reducing light penetration necessary for photosynthesis, destroying
fish and invertebrate habitat, and contributing to unfavorable salinity concentrations for aquatic
vegetation, fish and invertebrates, including critical indicator species eg. the American oyster and
shoal grass. Note: this performance measure is a preliminary Poilutant Load Reduction Goal (PLRG)
being evaluated by the SFWMD through the Indian River Lagoon Surface Water Iinprovement and
Management (SWIM) Program as required by State Water Policy.

Citations: Chamberlain, R., and D. Hayward, 1996. Evaluation of water quality and monitoring in
the St. Lucie Estuary, Florida. Water Resources Bulletin, 32(4) 631-696.

Haunert, D., and R. Chamberlain. 1994. St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Haunert, D.E., 1986. Proposed supplemental water management sirategy to enhance fisheries in the
St. Lucie Estuary, FL (Draft). SFWMD.

Haunert, D.E. and J.R. Startzman, 1980. Some seasonal fisheries trends and effects of a 1,000 cfs
freshwater discharge on the fisheries and macroinvertebrates in the St. Lucie Estuary, Florida.
SFWMD Tech. Pub. 80-3.

Haunert, D.E. and J.R. Startzman, 1985. Short term effects of a freshwater discharge on biota of the
St. Lucie Estuary, Florida. SFWMD Tech. Pub. 85-1.

Indian River Lagoon SWIM Plan, 1996.

Morris, F.W. 1987. Modeling of hydrodynamics and salinity in the 5t. Lucie Estuary. South Florida
Water Management District: Technical Publication 87-1.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonvillie, Florida.
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Otero, J.M., J.W. Labadie, D.E. Haunert and M.S. Daron, 1995. Optimization of managed runoff to
the St. Lucie Estuary. Water Resources Engineering, Vol. 2.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No 3a: St. Lucie Estuary: for each lake regulation schedule alternative,
compare the number of times mean monthly flows from the lake and watershed exceeds 2,500 cfs at S-
80 for the entire 1965-1990 period of record.! The regulation schedule alternative with the least
number of months that flows exceed 2,500 cfs will be considered better for protecting the integrity of
the inner and outer estuary. The allowable target violations for natural variation is 4 months for the
entire 1965-1990 period of record.

! Qutput will be presdated as a bar graph with alternatives on x axis and # times mean monthly flows
exceeded 2,500 cfs (violations) on y axis

Performance Measure No 3b: St. Lucie Estuary: for each lake regulation schedule alternative,
compare the number of times mean monthly flows from the lake and watershed exceeded 2,500 cfs for
1, 2, 3...consecutive months for the entire 1965-1990 period of record.” The regulation schedule with
the least number of consecutive violations of this criteria will be considered better for protecting
aquatic vegetation, seagrasses, invertebrates, and fish communities.

? Qutput will be presented as a bar graph with alternatives on x axis and # consecutive months
(violations) on y axis

Principal Objective: Reduce the occurrence of extreme discharge events and improve water quality in
the inner and outer estuary to protect estuarine vegetation, invertebrates, and fish communities.

Rationale: Mean monthly flows above 2,500 cfs result in freshwater conditions throughout the entire
estuary causing severe impacts to estuarine biota. This volume of flows, also begin to impact the
Indian River Lagoon to the north and south of the St. Lucie Estuary inlet.

Citations: Chamberlain, R., and D. Hayward, 1996. Evaluation of water quality and monitoring in
the St. Lucie Estuary, Florida. Water Resources Bulletin. 32(4) 681-696.

Haunert, D., and R. Chamberlain. 1994. St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Haunert, D.E., 1986. Proposed supplemental water management strategy to enhance fisheries in the
St. Lucie Estuary, FL (Draft). SFWMD.

Haupert, D.E. and J.R. Startzman, 1980. Some seasonal fisheries trends and effects ofa 1,000 cfs
freshwater discharge on the fisheries and macroinvertebrates in the St. Lucie Estuary, Florida.
SFWMD Tech. Pub. 80-3. .

Haunert, D.E. and J.R. Startzinan, 1985. Short term effects of a freshwater discharge on biota of the
St. Lucie Estuary, Florida. SFWMD Tech. Pub. 85-1.
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Indian River Lagoon SWIM Plan, 1996.

Morris, F.W. 1987. Modeling of hydrodynamics and salinity in the St. Lucie Estuary. South Florida
Water Management District: Technical Publication 87-1.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation; South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Otero, J.M., 1.W. Labadie, D.E. Haunert and M.S. Daron, 1995. Optimization of managed runoff to
the St. Lucie Estuary. Water Resources Engineering, Vol. 2.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

‘Performance Measure No. 4a: St. Lucie Estuary: Determine the number of days of Zone A
discharge from the lake, (7,200 cfs per day for the St. Lucie at S-80) for each lake reguiation schedule
alternative for the entire 1965-1990 period of record.' Those schedules with the least number of days
of Zone A release, according to output from the SFWMM, will be considered better for protecting the
integrity of the estuarine environment. '

! Output will be presented as a bar graph with alternatives on x axis and # days of Zone A discharge
(violations) on y axis '

Performance Measure No. 4b: St. Lucie Estuary: Determine the number of times Zone A discharge
occurs for 1, 2, 3...consecutive days for the entire 1965-1990 period of record.? The regulation
schedule with the least number of consecutive days of Zone A discharge to the St. Lucie Estuary will
be considered better for protecting estuarine aquatic life in the St. Lucie Estuary, Indian River Lagoon.
and adjacent waters of the Atlantic Ocean.

L4

2 Output will be presented as a bar graph with alternatives on x axis and # consecutive days on y axis

Principal Objective: Reduce the occurrence of extreme discharge events from the lake to the estvary,
and improve estuarine water quality with a view to protecting estuarine vegetation, invertebrates, and
fish communities. '

Rationale: Zone A discharges transport large amounts of sediment and rapidly turns the entire inner
estuarine ecosystem to freshwater. These events have rapid and serious effects on estuarine seagrasscs
by reducing light penetration necessary for photosynthesis, destroying fish and invertebrate habitat,
and contributing to unfavorable salinity concentrations for most aguatic life, including critical indicator
species eg. the American oyster, and a number of sea grass species. These large volume discharges
also cause adverse effects on large areas of the Indian River Lagoon surrounding the St. Lucie Estuary
Inlet and possibly influence nearshore ocean habitats adjacent to the Inlet. The longer Zone A
discharges persist, the greater the damage to the various ecosystems, and the farther the effects extend.
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Citations: Chamberlain, R., and D. Hayward, 1996. Evaluation of water quality and monitoring in
the St. Lucie Estuary, Florida. Water Resources Bulletin. 32(4) 681-696.

Haunert, D., and R. Chamberlain. 1994. St. Lucie and Calooszhatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Haunert, D.E., 1986. Proposed supplemental water management strategy to enhance fisheries in the
St. Lucie Estuary, FL. (Draft). SFWMD.

Haunert, D.E. and J.R. Startzman, 1980. Some seasonal fisheries trends and effects of a 1,000 cfs
freshwater discharge on the fisheries and macroinvertebrates in the St. Lucie Estuary, Florida.
SFWMD Tech. Pub. 80-3.

Haunert, D.E. and J.R. Startzman, 1985. Short term effects of a freshwater discharge on biota of the
St. Lucie Estuary, Florida, SFWMD Tech. Pub. 85-1.

Indian River Lagoon SWIM Plan, 1996,

Morris, F.W. 1987. Modeling of hydrodynamics and salinity in the St. Lucie Estuary. South Florida
Water Management District: Technical Publication 87-1.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Otero, .M., I.W. Labadie, D.E. Haunert and M.S. Daron, 1995. Optimization of managed runoff to
the St. Lucie Estuary. Water Resources Engineering, Vol. 2.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No, Sa: Calooszhatchee River Estuary: for each lake regulation schedule
alternative, compare the pumber of times that minimum mean monthly flows from the lake and
watershed falls below 300 cfs at $-79 for the entire 1965-1990 period of record.! The regulation
schedule alternative with the least number of times flows fall below 300 cfs, as measured at S-79, will
be considered better for protecting estuarine aquatic biota. The allowable violations (target) for natural
system variation is 54 for the entire 1965-1990 test period of record.

! Qutput will be presented as a bar graph with alternatives on x axis and # months flow criteria not
met {violations) on y axis

Performance Measure No. Sh: Caloosahatchee River Estuary: for each lake reguiation schedule
alternative, compare the number of times the minimum mean monthly flow of 300 cfs were not met for
1, 2, 3...consecutive months for the entire 1965-1990 period of record.> The regulation schedule
alternative with the least number of consecutive months with flows below 300 cfs, will be considered
better for protecting estuarine aguatic biota.
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? Output will be presented as a bar graph with alternatives on x axis and # consecutive months on
: p y
axis

Principal Objective: Maintain sufficient minimum mean monthly flows from the lake to augment
basin runoff, when necessary, in order to maintain favorable salinity envelopes and water quality
within the estuary.,

Rationale: Insufficient fresh water discharges, contribute to poor estuarine water quality including
inadequate fresh water 10 maintain desirable salinity envelopes. These events have had direct effects
on estuarine seagrasses, fish and invertebrates, including critical indicator species eg. Vallisneria, by
enabling the estuary to become too saline. Note: this performance measure is a preliminary Pollutant
Load Reduction Goal (PLRG) being evaluated by the SFWMD.

Citations: Bierman, V. 1993, Performance report for the Caloosahatchee Estuary salinity modeling.
SFWMD Expert Assistance Contract, deliverable from Limno Teck, Inc.

Chamberlain, R., D. Haunert, P. Doering, K. Haunert, and J. Otero. 1995. Preliminary estimate of
optimum freshwater inflow to the Caloosahatchee Estuary, Florida.

Haunert, D., and R. Chamberlain. 1994. St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No 6a: Caloosahatchee River Estuary: for each lake regulation schedule
alternative, compare the number of times mean monthly discharge from the lake and watershed
exceeds 2,800 cfs at S-79 for the entire 1965-1990 period of record.’ The regulation schedule
alternative with the least number of times.flows exceed 2,800 cfs as measured at S-79, at any time of
year, will be considered better for maintaining water quality within the estuary, The allowable
violations (target) for natural variation is 17 for the entire 1965-1990 period of record.

! Qutput will be presented as a bar graph with alternatives on x axis and # times mean monthly
discharge exceeded 2,800 cfs (violations) on y axis

Performance Measure No 6b: Caloosahatchee River Estuary: for each lake reguiation schedule
alternative, compare the additional number of months that flow to the estuary, exceeds 2,800 cfs at
S-79, due to regulatory releases from the iake, for the entire 1965-1990 period of record.? The
regulation schedule alternative with the least number of additional months that flows exceed 2,800 cfs
will be considered better for maintaining water quality within the estuary.

Z Qutput will be presented as a bar graph with alternatives on X axis and # additional months flow
criteria exceeded (violations) on y axis
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Performance Measure No 6¢: Caloosahaichee River Estuary: for each lake regulation schedule
alternative, compare the number of times the high discharge criteria (mean flow is greater than 2,800
cfs) from the watershed and lake were exceeded at S-79 for 1, 2, 3...consecutive months for the entire
1965-1990 period of record.” The regulation schedule with the shortest duration of violations of this
criteria will be considered better for protecting estuarine aguatic biota,

3 Qutput will be presented as a bar graph with alternatives on x axis and # consecutive months
(violatious) on y axis

Principal Objective: Achieve an overall reduction in high volume discharge events to the estuary, and
improve estuarine water quality with a view to protecting estuarine vegetation, invertebrates, and fish
communities.

Rationale: High volume discharges to the estuary contribute to poor estuarine water quality including
increased turbidity, color and exceedance of favorable salinity envelopes. These events have had direct
effects on estuarine seagrasses by reducing light penetration necessary for photosynthesis, destroying
fish and invertebrate habitat, and contributing to unfavorable salinity concentrations for aquatic

_vegetation, fish and invertebrates, including critical indicator species eg. the American oyster, turtle
grass, and Vallisneria. Note: this performance measure is a preliminary Pollutant Load Reduction
Goal (PLRG) being evaluated by the SFWMD.

Citations: Bierman, V. 1993. Performance report for the Caloosahatchee Estuary salinity modeling.
SFWMD Expert Assistance Contract, deliverable from Limno Teck, Inc.

Chamberlain, R., D. Haunert, P. Doering, K. Haunert, and J. Otero. 1995. Preliminary estimate of
optimum freshwater inflow to the Caloosahatchee Estuary, Florida.

Haunert, D., and R. Chamberiain. 1994. St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Otero, J. M., and Floris, V. (1994). Lake QOkeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 t0 U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No 7a: Caloosahatchee River Estuary: for each lake regulation schedule
alternative, compare the number of times mean monthly flows from the lake and watershed exceed
4,500 cfs at $-79 for the entire 1965-1990 period of record.” The regulation schedule alternative with
the least number of months that discharges exceed 4,500 cfs as measured at §-79, will be considered
better for protecting estuarine resources, including those downstream in the San Carlos Bay region.
The allowable target violations for natural system variation is 5 months in the entire test period of
record (1965-1990).
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! Qutput will be presented as a bar graph with alternatives on x axis and # times mean monthly flow
exceeded 4,500 cfs (violations) on y axis

Performance Measure No 7b: Caloosahatchee River Estuary: for each lake regulation schedule
alternative, compare the number of times mean monthly flows from the lake and watershed exceeded
4,500 cfs for 1, 2, 3...consecutive months at S-79 for the entire 1965-1990 period of record.? The
regulation schedule alternative with the least number of consecutive violations for this criteria will be
considered better for protecting estuarine aquatic biota.

? Qutput will be presented as a bar graph with alternatives on x axis and # consecutive months flows
exceeded criteria (violations) on y axis

Principal Objective: Reduce the occurrence of extreme discharge events and improve water quality in
the lower estuary, including San Carlos Bay, in order to protect estuarine resources,

Rationale: Mean monthly flows above 4,500 cfs results in freshwater conditions throughout the entire
estuary causing impacts to estuarine biota. This volume of flow aiso begins to reduce water quality
and adversely impact biota in San Carlos Bay.

Citations: Bierman, V. 1993, Performance report for the Caioosahatchec Estuary salinity modeling.
SFWMD Expert Assistance Contract, deliverable from Limno Teck, Inc.

Chamberiain, R., D. Haunert, P. Doering, K. Haunert, and J. Otero. 1995. Preliminary estimate of
optimum freshwater inflow to the Caloosahatchee Estuary, Florida.

Haunert, D., and R. Chamberlain. 1994, St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to U.S. Army Corps of Engineers,
Jacksonville District.

Performance Measure No 8a: Caloosahatchee River Estuary: determine the number of days of Zone
A discharge from the lake (7,800 cfs per day at S-79, not 5-77) for each lake reguiation schedule
alternative for the entire 1965-1990 period of record.! Those schedules with the least number of dajs
of Zone A release according to output from the SFWMM will be considered better for protecting the
integrity of the estuarine environment.

! Output will be presented as a bar graph with alternatives on x axis and # days of Zone A discharge
(violations) on y axis ' '

Performance Measure No 8b: Caloosahafchcc River Estuary: determine the number of times Zone A
discharge occurs for 1, 2, 3... consecutive days for the entire 1965-1990 period of record.*> The
regulation schedule with the least number of consecutive days of Zone A discharge to the
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Caloosahatchee River Estuary will be considered better for protecting estuarine aquatic life in the
estuary and San Carlos Bay.

? Qutput will be presented as a bar graph with alternatives on x axis and # consecutive days of Zone A
discharge (violations) on y axis

Principal Objective: Reduce the occurrence of extreme discharge events from the lake to the estuary,
and improve estuarine water quality with a view to protecting estuarine aquatic biota.

Rationale: Zone A discharges have rapid and serious effects on estuarine seagrasses in the
Caloosahatchee River Estuary and San Carlos Bay by reducing light penetration necessary for
photosynthesis. Zone A discharges destroy fish and invertebrate habitat, and contribute to unfavorable
salinity concentrations for many estuarine biota, including critical indicator species eg. the American
oyster, Vallisneria, and seagrasses. The longer Zone A discharges persist, the greater the damage to
the various ecosystems, and the farther the damage extends.

Citations: Bierman, V. 1993, Performance report for the Caloosahatchee Estuary salinity modeling.
SFWMD Expert Assisiance Contract, deliverable from Limno Teck, Inc. .

-Chamberlain. R., D. Haunert, P. Doering, K. Haunert, and J. Otero. 1995, Preliminary estimate of
optimum freshwater inflow to the Caloosahatchee Estuary, Florida,

Haunert, D., and R. Chamberlain, 1994, St. Lucie and Caloosahatchee Estuary Performance
Measures for Alternative Lake Okeechobee Regulation Schedules. SFWMD Memorandum.

Otero, J. M., and Floris, V. (1994). Lake Okeechobee Regulation Schedule Simulation: South Florida
Regional Routing Model. SFWMD. Special Report prepared for the U.S. Army Corps of Engineers,
Jacksonville, Florida.

Steinman, A. 1996. Letter from SFWMD dated April 2, 1996 to US. Army Corps of Engineers,
Jacksonville District.

IV. EVERGLADES NATIONAL PARK AND FLORIDA BAY:

Performance Measure No. 1: Using output from the SFWMM, for each lake regulation schedule
alternative, compare water depths, inundation frequencies, seasonal timing, frequency that each area
dries out, and the average length of time between water level recessions, at key water management
gages located throughout ENP including: (gages) P33, G620, NP201, NE1, NE2, TSB, EPSW/GW,
NP205, and CP. Alternatives which best approach the spatial and temporal patterns of the NSM will
be considered better.

Principal Objective: Protect Shark Slough and Taylor Slough flora and fauna including adjacent short
hydroperiod wetlands and estuaries.

Rationale: Drainage of the original Everglades has affected the volume, timing, and distribution of
water flow. The historical storage within the wetlands has been greatly reduced. By maximizing the
available storage in the system, future restoration efforts may become possibie.
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Citations: Johnson, R.A. and VanLent, T.S. 1994. Restoring flows to the Shark Slough Basin,
Everglades National Park.

Johnson, R.A. Preliminary Recommendations for Improved Water Management and Increased Water
Deliveries to ENP.

SFNRC at Everglades National Park, 1994, Restoration of Northeastern Shark Slough and the Rocky
Glades.

U.S. Army Corps of Engineers, Jacksonville District, Florida. 1995. Environmental Assessment and
Finding of No Significant Impact. Test Iteration 7, Experimental Program of Water Deliveries to
Everglades National Park.

Performance Measure No. 2: For each lake regulation schedule alternative, measure the frequency
that flows through the $-12 structures exceed 3,000 cfs/day for more than one week. Those
.alternatives which reduce the frequency of high volume discharges to downsiream wetlands will be
considered better for protecting ENP wetland communities.

Principal Objective: Reduce the excessive flood control discharges onto the western peripheral
wetlands of Shark Slough,

Rationale: High volume regulatory flows over a prolonged period through the S-12 structures have
caused damage to the flora and fauna south of the structures. Restoring more natural flows, both in
terms of volume and timing will protect native ecological communities, previously harmed by these
flood control discharges.

Citations: Pimm, Stuart L., Annual Report 1996 - Population Ecology of the Cape Sable Sparrow.

Performance Measure No. 3: For each lake regulation schedule alternative, measure the frequency
that flows through the S-12 structures exceed regulatory refeases. Those aiternatives which reduce the
frequency of regulatory release exceedance will be considered better for protecting ENP wetland
communities.

Principal Objective: To establish a functioning rainfall pian for Shark Slough.

Rationale; High volume regulatory flows over a prolonged period through the S-12 structures have
caused damage to the flora and fauna south of the structures. Restoring more natural flows, both in
terms of volume and timing will protect native ecclogical comimunities, previously harmed by these
flood control discharges.

Citations: Neidrauer, C.J., and R.M. Cooper, November 1989, A two year field test of the rainfall
plan for water deliveries to Everglades National Park. South Florida Water Management District,
Tech. Pub. 89-3.
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"South Florida Water Management District

3301 Gun Club Road, West Palm Beach, Florida 33406 = (561) 686-8800 » FL. WA'T'S 1-800-432-2045
TDD (561) 697-2574

PRO LO SWIM
April 30, 1997

Richard E. Bonner, Deputy

District Engineer for Project Management
Department of the Army -
Jacksonville District Corps of Engineers
P.O. Box 4970

Jacksonville, F1. 32232-0019

Dear Mr. Bonner:

Re: Modeling Results for the Lake Okeechobee Regulation Schedule
Study

As requested in your letter dated March 12, 1997, the South Florida Water
Management District (SFWMD) is providing the modeling output and preliminary
evaluation of the alternatives for the Lake Okeechobee Regulation Schedule Study.

The report enclosed should be considered DRAFT, as it is undergoing internal
review. We also anticipate input from your staff prior to finalizing this report to.-
ensure it meets your needs for the Environmental Impaet Statement.

As you requested, this report, along with post-processor output, will be provided to
Mr. Ken Murray of the Natural Resources Conservation Service.

If you have any questions, please feel free to contact me at 561/687-6348; questions
about the modeling should be directed to Cal Neidrauer at 561/687-6506.

Sincerely,

ﬁ%// @@m

Barry H. Rosen, Senior Environmental Scientist
Upper East Coast/Kissimmee Division

BR:ce
Enclosure

Governing Board:

Frank Williamson, Jr., Chaitman Vera M. Carter Richard A. Machek Samuel E. Poole III, Executive Dircct_or
Eugene K. Petds, Vice Chairman William E. Graham Michael D. Minton Michael Slayton, Deputy Executive Director
Mitchell W. Rerger William Hammond Miriam Singer

Mailing Address: P.O. Box 24680, West Palm Beach, FL 33416-4680



Richard E. Bonner
April 30, 1997
Page 2

c. Dan Cary, PLN
Dean Powell, PLN
Terry Clark, UEC/K
Susan Gray, UEC/K
Jayantha Obeysekera, HSM
GAINE AT S " HS M
Al Steinman, OSR



DEPARTMENT OF THE ARMY
JACKSONVILLE DISTRICT CORPS OF ENGINEERS
P. 0. BOX 4970
JACKSONVILLE, FLORIDA 32232-0019

March 12, 1997

REPLY TO
ATTENTION OF

Programs and Project Management Division
Project Management Branch

Mr. Barry Rosen

South Florida Water Management District
Post Office Box 24680

West Palm Beach, Florida 33416-4680

Dear Mr. Rosen:

The purpose of this letter is to provide the final
alternatives to be modeled by South Florida Water Management
pDistrict (SFWMD)} for the Lake Okeechobee Regulation Schedule
study. The four alternatives include Run 25, Run 22AZE, an
alternative developed by the U.S. Army Corps of Engineers
(USACE), and an alternative proposed by the Lower East Coast
Regional Water Supply Plan. The regulation schedules for these Loy’
alternatives are shown as Enclosures 1-4 of this correspondence. fb:ﬁk

It is reguested that the four alternatives be modeled using
the following demand scenarios: 1990 (base condition), 2010
(developed by SFWMD), and the 2010 with and without conservation
(developed by USACE). These 16 model runs including the
corresponding performance measures should be completed by
April 30, 1997, in order to ensure timely completion of the Draft
Environmental Impact Statement. Additionally, it is requested
that the output from the South Florida Water Management Model and
its eccnomic posii—processor be provided to Mr. Ken Murray, of the
Natural Resources Conservation Service (NRCS), after completion
of each alternative. This delivery method would allow NRCS to be .
continuously provided data for use in developing crop budgets for
the study area.

Your continued support of the Lake Okeechobee Regulation
Schedule Study is appreciated. Should you have any gquestions or
comments regarding this request, feel free to contact me or
Ms. Kimberly Brooks-Hall at 904-232-3155.

Sincerely,

Richard E. Bonner, P.E.
Deputy, District Engineer
for Project Management



South Florida Water Management District

3301 Gun Club Road, West Paim Beach, Florida 33406 « (561) 686-8800 « FL. WATS 1-800-432-2045

PRO SWIM LO  RF: 97002
October 22, 1996

Colonel Terry Rice, District Engineer
U.S. Army Corps of Engineers, Jacksonville District
P.O. Box 4970

Jacksonville, FL 32232:0019

Dear ColonelRice: /,(ZM

In response to your letter 07September 25, 1996, verifying the SFWMD ongoing support for
the Lake Okeechobee Regulation Schedule Study {LORSS), District staff have beenin contact
with the Natural Resources Conservation Service {(NRCS), and are providing them with the
data they need for the evaluation of the economic impacts of the alternative regulation

schedules. Two simulations have been provided to the NRCS, while the remaining
alternatives are being developed by the SFWMD and your staff.

We concur with the modeling scenarios in your letter concerning the 2010 planning period,
including the anticipated hydrologic changes from the projects listed. We also concur that
the LORSS will not examine schedules that may require structurat modifications that will not
be completed in the 2010 planning period.

Your letter suggested that five regulation schedules be evaluated. Four of the alternatives,
Run 25 and Run 22-AZE, and the two "new" alternatives {one developed by the COE and
one during the Lower East Coast Regional Water Supply Plan (LECRWSP) process), were
anticipated for this effort. However, we do not agree that the 1978 schedule shouid be
included. The adoption of Run 25 was, in part, to "permanently eliminate any possibility of
a forced return to the 1978 schedule that we and all state agencies agree is unacceptable”
{correspondence from Richard Bonner tao Tilford Creel, dated August 9, 1994). In addition,
efimination of the 1978 schedule will reduce the overall modeling and evaluation by
approximately 20%, saving time and financial resources. For our own planning and -
scheduling, we will also need to know your target deadlines for the modeling effort.

We appreciate the tremendous effart that is currently underway for the LORSS, including the
development of new performance measures and economic analysis being conducted by your
staff. If your staff or NRCS needs additional information regarding the modeling, please
contact Cai Neidrauer, Senior Supervising Engineer, Hydrologic Systems Modeling Division

at (b61) 687-6506.
Sincerely,
Sa .Poole Il

Executive Director

SEP/kh
¢: Cal Neidraver, SFWMD

Governing Board:

Valerie Boyd, Chairman William Hammond Eugene K. Petis Samuel E. Poole III, Executive Director
Frank Williamson, Jr., Vice Chairman Betsy Krant Nathaniel P. Reed Michacl Slayton, Deputy Executive Director
William E. Graham Richard A. Machek Miriam Singer

Mailing Address: P.O. Box 24680, West Palm Beach, FL 33416-4680



South Florida Water Management District

3301 Gun Club Road, West Palm Beach, Florida 33406 » (561) 686-8800 * FL. WATS 1-800-432-2045

RES 17-06

October 11, 1996

Mr. Ken Murray

Natural Resources Project Planning Coordinator
Natural Resources Conservation Service

P. O. Box 141510

Gainesville, FL 32614

Dear Mr. Murray:

Per our telephone conversation of October 10, 1996, | am enclosing the results of the economics
post-processor for the following two simulations performed with the South Florida Water
Management Model {SFWMMv2.10-100996).

1. 1990 Base: This simufation assumes ~1990 land use, associated water use demands, and
~1990-era infrastructure and operations. This simulation may not be directly applicable to the
Lake Okeechobee Regulation Schedule Study (LORSS}, since it assumes 1990-era
infrastructure; but it is a useful baseline for the "current” system. It also uses the current
Lake Okeechobee Regulation Schedufe (Run 25}.

2. 2010 Base: This simulation assumes 2010 land use and associated demands as estimated by
the South Florida Water Management District. It also assumes the following projects are
constructed and operational: Kissimmee River Restoration, Everglades Construction Project,
Modified Water Deliveries to Evergiades National Park, C-111 GRR Project, and the recently
adopted regulation schedule for WCA-1. The current regutation schedule for Lake Okeechobee
{Run 25} is also used for this simulation. This simulation is directly applicable to the LORSS.

Results of the economics post-processors for these two simulations are enclosed on two diskettes:
one for the 1990 base and one for the 2010 base. Each disk contains the DOS-formatted outputs
from the economics post-processors for the Everglades Agricultural Area and the Lower East Coast
Service Areas.

Please feel free to call me at (561)687-6506 if you have further questions.

Sincerely,

Cd/(qi I{drauer P. E.

alvin™J
Senior Supervising Engineer
Hydrologic Systems Modeling Division
Planning Department

CJN/nm
Enclosures (2}
Governing Board: -
Valerie Boyd, Chairman Wilfiam Hammond Eugene K. Pertis Samucl E. Poote III, Executive Director
. Frank Williamson, Jr., Vice Chairman Betsy Krant Nathaniel P. Reed Michaet Siayton, Deputy Executive Director
¢ Wiiliam E. Graham Richard A. Machek Miriam Singer
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DEPARTMENT OF THE ARMY
JACKSONVILLE DISTRICT CORPS OF ENGINEERS
P. 0. 80X 4970
JACKSONVILLE, FLORIDA 32232-0019

September 23, 1996

REPLY TO
ATTENTION OF

Planning Division
Plan Formulation Branch RECEIVED

Mr. Samuel E. Poole, III SEP 27 199
Executive Director EXECUTIVE OFFICE
South Florida Water

Management District
Post Office Box 24680
West Palm Beach, Florida 33416-468C

Dear Mr. Poole:

_ The following is to verify ongoing interagency team efforts
by both the South Florida Water Management District (SFWMD) and
my staff for the Lake Okeechobee Regulation Schedule Study.
Thank you for providing the Natural Resources Conservation
Service with the economic post processor materials as we
requested in our April 5, 1996, letter.

As requested in your previous correspondence dated May 20,
1996, our staff has been in contact with Mr. Cal Niedrauer and
others at the SFWMD and have worked out the parameters to be used
in running the SFWMM. The planning period will extend no greater
than the year 2010 since this regulation schedule change is
interim until the recommendations of the Central and Southern
Florida Restudy effort can be implemented. For hydrologic
modeling purposes, it will be assumed that the following projects
will have beep built by the year 2010: the Kissimmee River
Restoration, the-C-111 GKR project, Moaified Water Deliveries to
Everglades National Park, the Everglades Construction Project and.
the Modified WCA-1 Regulation Schedule. 77

: 7 F s WA Deinked in e.ri'u'r‘lsl“’“uh‘-

Five regulation schedules will be({evaluated. The first three ¢
are known schedules; =~ 25 and Run 22-AZE.
During the Environmental Performance Measures Workshop recently
held at the SFWMD office, it was decided that both agencies would
each submit one additional regulation schedule to be studied as a
part of this effort. Alternative 5 from the Lower East Coast
Regional Water Supply Plan will not be run since it requires
structural modifications that will not be in place before the
year 2010, The U.S. Army Corps of Engineers (Corps) will have
their alternative available by September 30, 1996. Each of these
five regulation schedules will be run using the SFWMD’s 1990 and
2010 water demands, as well as the Corps 2010 water demands, both



with and without active water conservation measures. Since Runs
25 and 22-AZE have already been run with SFWMD 1990 and 2010
demands, it is requested that copies of the economic post-
processor output information be provided to us and the NRCS in
both electronic and hard copy formats, so that we can initiate
their agricultural analysis.

Lastly, the Corps water use demands are being disaggregated
and formatted for the SFWMM and will be provided to SFWMD upon
completion.

Your continued support of the Lake Okeechobee Regulation
Schedule Study is greatly appreciated.

Sincerely,

Terry L. Rice
Colonel, U.S. Army
District Engineer



DEPARTMENT OF THE ARMY
JACKSONVILLE DISTRICT CORPS OF ENGINEERS
P. 0. BOX 4970
JACKSONVILLE, FLORIDA 32232-0019

July 15, 1996

Planning Division
Environmental Branch

TO THE ADDRESSEES ON THE ENCLOSED LIST:

The Jacksonville District, U.S. Army Corps of Engineers
(Corps) in collaboration with the South Florida Water Management
District (SFWMD), is planning a meeting/workshop to further
discuss and develop environmental performance measures in order
to measure and evaluate potential environmental effects of
various proposed regulation schedule alternatives for Lake
Okeechobee, Florida. The one and a half day meeting/workshop
will be held in West Palm Beach, at the SFWMD, Building B-1,
Auditorium, beginning at 1:00 p.m. August 20, and continuing
until about 3:00 p.m. of the following day. A preliminary agenda
is included for your information. The draft performance measures
are currently being revised in light of agency input and feedback
and will be sent to you prior to the meeting for your review.

The objective of the Lake Okeechobee Regulation Schedule
study is to optimize environmental benefits at minimal or no
impact to the competing project purposes, primarily flood control
and water supply. The study will propose an interim lake
regulation schedule using operational changes only, and will be
in effect until the C&SF Project Comprehensive Review Study
{Restudy) can implement a more comprehensive solution. Expertise
on the lake's littoral zone, downstream estuaries, and Everglades
ecosystem will be represented at the meeting. It is hoped that
this group can come to a consensus on a set of performance
measures for the purposes of this study, which may assist in
establishing the groundwork for future development of performance
measures for the C&SF Restudy.

Additional information, or guestions regarding this meeting
may be addressed to Mark Ziminske, Planning Division, U.S. Army
Corps of Engineers, telephone 904-232-1786 or via e-mail at:
mark.t.ziminske@usace.army.mil.

Sincerely,

A. J. Salem _
Chief, Planning Division

Enclosures
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Phosphorus Issues Associated with the Lake Okeechobee Regulation
Schedule
Barry Rosen, Ph.D.

Executive Summary:

Water entering into the WCAs, and its associated phosphorus load, comes from
two sources; the lake (through S-5, S-6, 8-7 and S-8) and from EAA runoff.
Water from the lake ranges from 5-7% of the total volume entering the WCAs,
and has 3-5% of the phosphorus load. Therefore, basin runoff accounts for 93-
95% of the water volume and 95-97% of the phosphorus load (see Table 2).

The volume of water released southward for regulatory releases under WSE is
simulated to be approximately 14,272 acre-ft greater than Run 25. That
additional water brings with it a net of 0.7 ton of phosphorus/year, for 4 years
until STAs 3/4 are completed. WSE is also predicted to cause more EAA runoff,
which brings another 0.3 tons annually. Therefore, in total, the WSE regulation
schedule may result in an additional loading to the WCAs that totals 4 metric tons
over 4 years.

Using the most realistic phosphorus concentrations scenarios, those closest to
measured values, the Everglades Phosphorus Gradient model predicts that
WCAT1 actually benefits from a 52-acre reduction in cattail spread under the WSE
regulation schedule compared to Run 25 during this 4-year pericd. This is
because less water (12.2 kac-ft/yr) is predicted the WSE scheduie; therefore,
less phosphorus loading to WCA1. There is an increase in cattail spread in WCA
2A of 9_acres, associated with and additional 7.1 kac-fiiyr of water, and an
increase of 3 acres in WCA 3A from an additional 21.3 kac-ft/yr of water.
Therefore, the outcome for the entire WCA is approximately 40 fewer acres of
cattail under the WSE schedule compared to Run 25 after 4 years.

The Everglades Phosphorus Gradient model also predicis the area that becomes
greater than 10 ppb in phosphorus concentration. This evaluation is useful for
determining the potential impact on periphyton. For WCA1, the area of > 10 ppb
is reduced by 1087 acres with the WSE schedule compared to Run 25 in WCA1,
increases by 790 acres in WCA 2A and increases by 2,134 acres in WCA 3A
relative to Run 25. Therefore, the net increase in area that is predicted to
- become > 10 ppb is 1,838 acres compared to Run 25 over the 4-year period, out
of a total area of approximately 744,960 acres in the WCAs.

Background:

The proposed alternative lake regulation schedule, WSE, increases the amount
of water that is released from the lake southward into the Water Conservation
Areas (WCAs) compared to the current regulation schedule, Run 25. Concern
has been raised that additional water will bring additional phosphorus and
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potentially impact the WCAs, - The US Army Corps of Engineers (USAGCE) is
developing an environmenta! impact statement for the WSE alternative, and this
issue needs to be thoroughly addressed. in general, the phosphorus load is
directly proportional to the volume of water, with greater volumes bringing greater

loads, as illustrated with measured data on flows and loads into the WCAs
(Figure 1),

This report is intended to document the simulated volume of regulatory releases
for Run 25 and WSE based on model output so that relative comparisons can be
made between these alternatives. This simulated volume then can be used to
calculate the expected phosphorus load and potential ecological effects in the
WCAs. This information is needed to determine if this additional water would
have a significant ecological impact. This modeling effort provides a means of
making relative comparisons between alternatives; however, the actual water
released is a function of how the canal system is operated (Operaiions and
Maintenance Depariment, SFWMD). The SFWMD and the USACE are finalizing
an Implementation Plan that specifically proscribes the conditions for water
release for use by Operations and Maintenance.

Figure 1. Relationship between flows and loads into the WCAs.
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Simulated regulatory discharges and historic phosphorus concentrations:

The volume of regulatory releases in acre-ft was simulated for Run 25 and WSE
using the South Florida Water Management Model. The modeling effort used the
“1995 base”, which includes such features as the BMP makeup water, as well as
all of the current water management operational practices. This modeling also
includes the Implementation Plan developed for WSE (SFWMD 1999
Implementation Report).

This white paper is focused on the regulatory releases that are made southward
to the Miami, North New River, Hillsboro, and West Palm Beach canals (Table 1).
There is an increase in annual average volume of water released with the WSE
schedule; an increase of 14,272 acre-ft is predicted to be released to the canals
south of the lake (Table 1).

Table 1. Model output for regulatory discharges south (annual average-acre-ft)
and measured flow-weighted mean total phosphorus concentration (1/90-
12/97) through the southern canais. (Model output from the South Florida
Water Management Model).

Miami North New Hillsbaro West Paim Total
River
R25 4,998 9,456 17,561 23,868 55,883
WSE 25,330 16,392 12,203 16,229 70,155
A 14,272
Mean
Total | 71.6 ppb 77.2 ppb 77.2 ppb 135.6 ppb
P

Stormwater Treatment Areas:

Water quality is an issue of STA performance for the Everglades Forever Act
criteria. Therefore, discussion of the impacts in this report will focus on the time
period between implementation of the WSE schedule (projected for August,
1999) and the completion of the respective STAs. Briefly, STA1-W and STA-2
will become fully operational in July and August, 2000, respectively. These STAs
are not designed to treat regulatory releases from Lake Okeechobee.
Implementation of the regulation schedule is anticipated to occur prior to the
completion of stormwater treatment areas (STAs) 3/4. Therefore, no water
quality treatment is assumed during this interim period. STA 3/4 was initially
designed to ftreat approximately 236,000 acre feet of water from Lake
Okeechobee, which exceeds the annual average regulatory discharges south.
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Potential WCA impacts:

The South Florida Water Management Model is used initially to describe the
amount of water moved through each canal and structure, as well as basin runoff
and into the WCAs (Table 2). The distribution of this water affects the anticipated
phosphorus load, which is shown in Table 3.

Table 2. Simulated flows to the Water Conservation Areas, with % of total flow
calculated for each source.

inflow (kac-ft/yr) % of

total
WCA-1 Run 25 WSE Run 25 WSE
Lake thru 85 23.9 16.2 5% 3%
Runoff 85 227.8 228.2 48% 49%
Lake thru S6 17.6 12.2 4% 3%
Runoff S6 209.6 2101 44% 45%
Total 478.9 466.7
WCA-2A :
Lake thru S7 9.5 16.4 4% 7%
Runoff §7 235.5 2357 96% 93%
Total 245 252.1
WCA-3A

Lake thru S8 5 25.3 1% 5%
Runoff S8 390 3904 75% 72%
8150 31.5 32.1 6% 6%
G155 95.2 952 18% 17%
G204 0.4 0.4 0% 0%
G205 0.6 0.6 0% 0%
G206 0.5 0.5 0% 0%
Total 523.2 5445

A second model is needed fo determine the effects that the additional
phosphorus may have on the WCAs. The second model uses the water volumes
and its distribution in the canal system into each WCA to predict potential
ecological impacts,

Two phosphorus concentration scenarios were assigned to WCA inflows: 70 and
100 ppb. These scenarios were used to portray the most likely phosphorus
concentrations that are currently found in the canals. The simulated volume
(from the SFWMM) was combined with these phosphorus scenarios to calculate
the potential load and phosphorus concentrations in the WCAs (Table 4). Output
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from this table was used to determine potential impacts to the WCAs using the
Everglades Phosphorus Gradient Model (EPGM), developed by Walker and
Table 3. Simulated loading to the Water Conservation Areas, with % of total load
calculated for each source,

Load P (metric ton/yr) % of total ]
WCA-1 (100 ppb scenario) ' Run 25 WSE Run 25 WSE i
Lake thru $5 2.9 20 4% 2.5%
Runoff 85 52.2 52.3 65% 66%
Lake thru 56 2.2 15 27% 1.9%
Runoft 6 23.3 234 29% 30%
Total 80.6 79.2
WCA-2A {70 ppb scenario)
Lake thru $7 0.8 1.4 3% 5%:
Runoff S7 25.4 255 97% 95%;
Total 26.3 26.9.
WCA-3A (70 ppb scenario)
L.ake thru S8 0.4 2.2 1%l 3%
Runofi 88 52.6 527 74% 72%
3150 2.2 2.2 3% 3%
G155 15.8 15.8 22% 22%
G204 0.03 0.03 0.04% 0.04%:
G205 0.04 0.04 0.1% 0.1%:
G206 0.02 0.02 0.02% 0.02%
Total { 71.2 73.0
!

Table 4. Simulated regulatory releases south with two WCA inflow scenarios for
phosphorus concentration with associated predicted flow-weighted mean total
phosphorus concentration (1/90-12/97) and load {metric tons/year) for Run 25

and WSE.
WCA Simulated Predicted Predicted
inflow P Lake Qut-Flow Flow-weighted conc. Load
inflow = conc. (kacre-feet/yr) {ppb) (metric tons/yr)
scenarios Run 25 WSE Run 25 WSE Run 25 WSE
WCA 1 70 ppb 415 8.4 134.3 136.1 79.1 78.1
Inflow 100 ppb ] ) 136.9 137.9 80.6 79.2
WCA 2A 70 ppb 9.5 16.4 87.1 86.6 26.3 26.9
Inflow 100 ppb ] ' 88.3 88.6 26.6 275
WCA 3A 70 ppb 5 5.3 110.6 109.0 71.2 73
Inflow 100 ppb ] 110.9 110.4 74

71.4
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Kadlec (19986). The model determines steady state phosphorus concentrations
in sediments and water, from which it predicts the steady state changes in catiail
(coverage) and area that becomes > 10 ppb.

WCA 1 (Loxahatchee Wildlife Refuge)

The regulatory discharges that are directed through the West Palm Beach
(through S-5A) and the Hillsboro canals (through S-6) have an impact on WCA1.
The modeling also included any potential changes in basin runoff that are
simulated for these basins.

"~ The modeled loading ranges from 79.1 (70 ppb scenario) to 80.6 (100 ppb
scenarioc) metric tons per year with the current schedule (Run 25; see Table 4).
Because of the smaller volume of water with WSE, less phosphorus loading/year,
relative to Run 25, is predicted. When “average annual” regulatory discharges
are used, a decrease of 13,100 acre-ft/ year is predicted for WCA1 from the lake,
and would result in a decrease in phosphorus loading of 1.4 metric tons/year
relative to the simulated loading from Run 25. In this scenario, approximately 52
fewer acres of cattail spread, over a 4-year period, are predicted based on the
EPGM, out of a total area of 145,920 acres for WCA 1 (Figure 2).

Discharges less than a full “average annual” would result in proportionately less
benefit. The WSE schedule will rely on several factors including lake stage,
hydrologic conditions north of the lake, and climatological predictions. Another
positive impact may occur once STA1-W and STA2 are completed, as there is
some flexibility to send regulatory discharges to these STAs.

Figure 2. Results of the EPG Model for WCA-1
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WCA 2A

The regulatory discharges that are directed through the North New River Canal
(8-7) canal impact WCA 2A. The modeling also included any changes in basin
runoff as a result of the WSE regulation schedule. For WCA 2A, STA 3/4 will be
used. STA 3/4 will become fully operational on October, 2003. Therefore,
approximately 4 years of regulatory discharges to the WCA 2A are possible,
depending on the lake stage, hydrologic conditions north of the lake, and long-
range climatological predictions that are part of the WSE regulation schedule.

The modeled loading ranges from 26.3 (70 ppb scenario) to 26.6 (100 ppb
scenario) metric tons per year with the current schedule (Run 25; see Table 4).
An additional 6,900 acre-ft/ year of flow is predicted with the WSE regulation
schedule compared to Run 25. For 70 ppb, the closest scenario to the actual
lake outflow in concentration, the cumulative effect over 4 years results in an
increase of less than 9 acres in cattail coverage out of an area of 104,960 acres
(Figure 3); the slight increase in cattails over the Run 25 schedule is due to a
very slight increase in loading (0.6 tons/year more than Run 25) associated with
the additional 6,800 acre-ft/yr of water.

in the worst case scenario, when 100 ppb outflow was used, well above the
actual average shown in Table 1, the impact results in 0.9 additional metric ton
per year, and a cumulative catfail increase of 31 acres greater than Run 25,
based on results from the EPGM.

Figure 3. Results of the EPG Model for WCA-2
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WCA 3A

The regulatory discharges that are directed through the Miami Canal (S-8) canal
impact WCA 3A. As with the North New River canal, STA 3/4 will be used. STA
3/4 will become fully operational on October, 2003. Therefore, approximately 4
years of regulatory discharges to the WCA 3A are possible, depending on the
lake stage, hydrologic conditions north of the lake, and long-range climatological
predictions that are part of the WSE regulation schedule.

The modeled impact shows a slightly reduced concentration in total phosphorus
with the WSE schedule compared to Run 25 (reduced from 110.6 ppb to 109 ppb
when 70 ppb take outflow is used). Because of the greater volume of water,
20,300 acre-ft/year, 1.8 additional metric tons/yr of phosphorus is predicted, an
increase from 71.2 metric tons to 73 metric tons, with WSE compared to Run 25
(Table 4). In this realistic scenario, the cumulative effect over 4 years results in
7.2 metric tons of phosphorus that causes an increase in cattail by 3.1 acres out
of an area of 494,080 acres (Figure 4).

Figure 4. Resuits of the EPG Model for WCA-3
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Under the worst case scenario, when 100 ppb was used, a slightly reduced
concentration in total phosphorus with the WSE schedule compared to Run 25
(reduced from 110.9 ppb to 110.4 ppb). The 100 ppb is well above the actual
average shown in Table 1, and the impact results in 2.6 additional metric tons/yr
compared to Run 25 (increases from 71.4 tons to 74 tons), with an increase of 13
acres more than the current schedule based on results from the EPGM.

Other Impacts:

in addition to the potential changes to the cattail in the WCAs, the area that
becomes greater than 10 ppb is of concern. |If these areas are currently
occupied by periphyton communities, rather than emergent wetland plants, such
as sawgrass, they can be impacted by the added phosphorus.

Table 5 summarizes the cattail area and the area that is simulated to become
greater than 10 ppb as a result of the changes in flows from the WSE schedule.
Note that the model is not sensitive enough to differentiate between the 70 and
100 ppb scenarios, especially considering the volume of lake water compared to
basin runoff, for areas that become greater than 10 ppb.

Table 5. Summary of simulated net decrease/increase in cattail and area that
“becomes > 10 ppb in the WCAs (Run 25 -WSE).

WCA1 %of WCA2 %of WCA3 % of

Inflow acre total acre total acre tofal

cattail 70 ppb 2 0.00 9 0.01 3 0.001
cattail 100 ppb -52 -0.04 31 0.03 13 0.003
area>10ppb 70 ppb -1087 -0.74 790 0.75 2134 0.432
area>10ppb 100 ppb | -1087 -0.74 790 0.75 2134 0.432

Conclusions:

The potential change in the WCAs’ aquatic plant community is not significant,
when these alternatives are compared, especially given 744,960 acre area of the
WCAs. The difference between these two alternatives resuits in a change that is
smaller than the accuracy of the modeling effort used to compare these
alternatives. '
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RES 01
MEMORANDUM

TO: Barry Rosen, Senior Supervising Environmental Scientist
Upper District Planning Division

FROM: Tom James, Senior Environmental Scientist,
Okeechobee Systems Research Division

THROUGH: Al Steinman, Director
Okeechobee Systems Research Division

SUBJECT:  Water Quality Modeling of Lake Okeechobee Regulation Schedule Alternatives,
Update

DATE: October 26, 1998

This is an update of a previous memo to Tom Teets dated August 1997: "Water Quality
Modeling of Lake Okeechobee Regulation Schedule Alternatives.” All model runs described
below were resimulated because of improvements of the Lake Okeechobee Water Quality Model
(LOWQM), and/or updates of outputs from the South Florida Water Management Model
(SFWMM).

To determine the impact of altemative regulation schedules on water quality in Lake
Okeechobee, I simulated one base and ten alternative regulation schedules using the one-box
version of the LOWQM. I used monthly inflow, outflow, and evaporation data generated by the
SFWMM for these alternative regulation schedules. The eleven regulation schedules were,

Run 25 1990

Run 25 2010

Run 25 PWS 2010
Run 22 AZE 1990
Run 22 AZE 2010
HSM 1990

HSM 2010

COE 1990

COE 2010

WSE 1990

WSE 2010

Run 25 2010 was used as the base simulation.
The one-box version of LOWQM computes lake wide averages for the various water quality

components. As with all models, uncertainty exists in the predictions. This uncertainty results
from representing a complex ecosystem such as Lake Okeechobee with a simplified model. For



example, there are many algal groups in the lake with many different growth patterns that vary
over groups, space, and time. The model represents only three algal groups with growth patterns
defined by constant values, and this simplification produces model uncertainty.

This model is calibrated to observed data collected on the lake from 1973 to 1995. The
information generated by SFWMM represents the time period from 1965 to 1995. To simulate
the non-overlapping time period (1965-1972), I averaged time functions (e.g. sediment
resuspension and settling, temperature, solar radiation) by month, over all years from the
calibrated period (1973-1995) of LOWQM, excluding the hydrologic components. These mean
values do not reflect any directional trends during this period, however they do encompass large
variations in lake conditions from low water drought periods to high water flood periods.
Therefore, the responses reflect an average of the conditions that the lake has experienced. Using
these average values should not influence the outcome of the comparisons, because these values
are not changed among the simulations, as described below.

The only changes made in the simulations are changes in inflow, outflow, and evaporation
according to the data generated by the SFWMM. All other parameters and forcing functions
remain the same because no a-priori reasons exist for changing them based on changes in the
regulation schedule. Also any changes add a degree of uncertainty and could confound the
results. Therefore, temperature, solar radiation, and resuspension and settling rates are the same
in all simulations. All algal and nutrient kinetic parameters are the same in all simulations.
Further documentation of the LOWQM can be found on the Central and Southern Florida Project
Comprehensive Review Study Website:

"http://141.232.1.11./org/erd/osr/projects/lowgmweb/indexwq .html"

Because there have been both increases and decreases of inflow nutrient concentrations over
time, and because changes cannot be accurately predicted into the future, these concentrations
were set to constant values equivalent to 1990-1995 average flow weighted concentrations. I
make this assumption to simulate current conditions into the future and to simplify the model
simulations. Since nutrient loadings are highly correlated to inflow, using constant inflow
concentrations have little impact on the final results. There is no information of changes in
concentrations based on changes in the regulation schedule, thus these values remain constant
over the different regulation schedules.

I made two comparisons of the base simulation to all other alternatives using yearly averages of
total phosphorus (TP; Table 1) and chlorophyll a (CHLA; Table 2). I scored each alternative by
determining the percent of years that the comparison value was less in the alternative than in the
base scenario. Lower TP and CHLA concentrations are preferred and received higher scores
because management goals for Lake Okeechobee include reduction of both parameters.

For TP, Run 22 AZE 1990, COE 1990, and HSM 2010 had the highest scores while Run 25
PWS, and HSM 1990 had the lowest scores (Table 1). For CHLA, HSM 1990, Run 25 1990, and
COE 1990 had the highest scores, while Run 22 AZE 2010, COE 2010, and WSE 2010 had the
lowest scores (Table 2). The different outcomes indicate both the complex interactions w1th1n the
lake and uncertainty of model simulations, :
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The different outcomes can be explained, in part, by the impact of hydrology on TP and CHLA.
Those regulation schedules with highest TP scores and lowest CHLA scores had lowest volumes
and shallowest lake depth. Those with the lowest TP scores and highest CHLA scores had the
highest volumes and greatest lake depth. Based on the model assumptions, shallow conditions
allow for more TP to settle out which reduces the amount of TP in the water column. However,
since the model assumes that the water column is homogenous in the vertical (as well as
horizontal) dimensien, shallow conditions provide more light per meter depth of the water
column. This increased light per meter depth allows more phytoplankton growth and increases
CHLA. Greater depths create the exact opposite conditions.

Based on this analysts, regulation schedules Run 22 AZE 1990, HSM 2010, and COE 1990 are
preferred. Run 22 AZE 1990 and HSM 2010 also were recomended in the August 1997 memo to
‘Tom Teets. However, this August 1997 memo did not recomend the COE 1990 simulation
because it ranked 8th for TP and 4th for CHLA. In this update, COE 1990 ranked 2nd for TP and
3rd for CHLA. These differences in recomendations can be attributed to improvements in the
calibration of the LOWQM and/or changes in the model simulation output for SFWMM that
produced different simulations results.

Despite the substantial differences among these comparisons to the base simulation, the actual
differences of TP and CHLA to the base simulation never exceeded 10 and 20 percent,
respectively, on a yearly basis. The average yearly percent difference was much smaller (less than
2 percent for TP and 10 percent for CHLA). Because of the uncertainty in model predictions
these values should be viewed with some caution. Further analysis is warranted before final
recommendations can be made. This could include comparisons of light conditions, growth and
biomass of algal groups, and amount of phosphorus available for algal uptake.

c: K. Havens
C. Neidrauer
T. Teets
T. Tisdale
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Table 1. Percent of time alternative model run total phosphorus concentration is less than the
base simulation (Run 25-2010) on a yearly averaged basis (31 years) and the average percent
yearly difference between the base and comparison simulation.

Simulation Years Below Base | Percent Years Average Yearly
Below Base Percent Difference
from Base

Run 22 AZE 1990 29 93,55 -1.79

COE 1990 27 87.10 -1.00

HSM 2010 27 87.10 -0.43

Run 22 AZE 2010 26 83.87 -1.63

COE 2010 26 83.87 -0.68

WSE 1990 23 74.19 -0.79

Run 25 1990 23 74.19 -0.75

WSE 2010 22 70.97 -0.18

HSM 1990 16 51.61 -0.01

Run 25 PWS 10 32.26 0.06
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Table 2. Percent of time alternative model run Chlorophyll a concentration is less than the base
simulation (Run 25-2010) on a yearly averaged basis (31 years), and the average percent yearly
difference between the base and comparison simulation.

Simulation Years Below Base | Percent of Years Average Yearly
Below Base Percent Difference
from Base

HSM 1990 31 100 -9.99

Run 25 1990 31 100 -6.19

COE 1990 31 100 -5.72

HSM 2010 30 96.77 -3.10

WSE 1990 29 03.55 -6.40

Run 22 AZE 1990 24 77.42 -3.85

Run 25 PWS 23 74.19 -0.13

WSE 2010 18 58.06 0.02

COE 2010 8 25.81 1.12

Run 22 AZE 2010 6 19.35 3.27
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Overview

In the original documentation of the simulations of alternative operational schedules for Lake
Okeechobee (Neidrauer, Trimble, and Santee, 1998), the climate-based operational guidelines
as incorporated in the WSE operation schedule emerged as a highly desirable approach to Lake
Okeechobee water management. However, even in recognizing its apparent advantages, many
questions and concerns were raised by the operational staffs of the South Florida Water
Management District and the United States Army Corps of Engineers on the details of how
such a schedule could be implemented. It has always been the intent of the WSE Operational
Schedule developers that the entire spectrum of hydrologic, meteorologic and climatic data and
forecasts be considered when implementing the WSE Operational Schedule. However, for
simplicity sake and resource limitations that existed at the time of development, only the
current water level and a six-month inflow forecast were used in the initial stmulation of the
WSE Operational Schedule. Since the time of the original documentation entitled Simulation
of Alternative Operational Schedules for Lake Okecchobee was published, the Planning
Department staff has met on a regular basis- with the operational staff of the Operations and
Maintenance Department and that of the United States Army Corp of Engmeers to develop
"a detailed operational plan that could be safely implemented. This report is the product of
these meeting.

The purpose of this report is to lay out the more specific operational guidelines that will allow
for the successful implementation of the WSE Operational Schedule. These guidelines are
quite expllcu: as we enter this new era of *flexible’ operations and climate based operational
strategies. However, the enormous responsibility associated with Lake Okeechobee water
management is clearly recognized such that this new era must be entered with the appropriate
amount of caution. Therefore, it ts the intent of this report to lay out clear guidelines for day
to day operations while realizing that it may be appropriate to "hedge’ from these guidelines
when unique environmental and hydrologic conditions present themselves. This shifting or
’hedging’ should be done only after careful hydrologic analysis which demonstrates that such
actions are truly desirable. Although emphasis has been placed on the water supply and
environmental objectives in the development of the WSE schedule, the design and
implementation of this operational schedule was completed in such a manner that it will also
be a more proficient flood protection schedule. This is accomplished by including the
hydrology of the vast tributary basin as an integral part of the decision making process and
defining windows of opportunity that climate forecasts may be applied for substantial benefits
and with minimum risk if a forecasted climate regime fails to materialize,

Introduction

It has been illustrated with the application of the South Florida Water Management Model
(SFWMM; South Florida Water Management District, 1998) that flexible climate-based
operational rules can facilitate a higher degree of proficiency for satisfying Lake Okeechobee
water management objectives. (Neidrauer, Trimble,and Santee, 1998). These results were
derived by integrating climate-based six-month inflow forecasts within the operational



guidelines of the Water Supply and Environmental (WSE) Operational Schedule. This
Operational Schedule allows for the water supply requirements to be satisfied at least as
effectively as the current operational schedule {aka Run 25} while reducing the stress of
prolonged high water levels on the littoral zone. The health of the littoral zone was originally
the foremost reason for the revaluation of Lake Okeechobee Regulation Schedule. However,
the 1997-1998 El Nino event illustrated that further refinements of the current operational
schedule were desirable to minimize the adverse impacts to the estuaries. By incorporating the
climate-based hydrologic forecasts, in addition to relieving the stress on the littoral zone, the
simulated number of discharge events that adversely impact the St. Lucie and Caloosahatchee
estuaries collectively were decreased while hydroperiods for the Everglades were enhanced.

In the actual implementation of the WSE Operational Schedule, it is suggested that additional
hydrologic data, and the recent advances in hydro-meteorologic and climatologic forecasting
be directly incorporated into the Lake Okeechobee operational guidelines. This report presents
the most basic guidelines for implementation of the WSE Operational Schedule. It is expected,
as new advances in hydrologic forecasting, modeling and analysis become available, innovative

strategies should be investigated to apply these tools within the realm of the WSE Operational
Guidelines.

Essential WSE Operational Guidelines

Figure 1 illustrates the WSE Operational Schedule. This schedule promotes the amalgamation
of our knowledge of the south Florida regional hydrologic system with that of the state and
trends of the current global climate for operational proficiency. Figure 2a and 2b delineate
detailed operational decision trees that will enable the successful implementation of the WSE
schedule. Due to the approximate nature of extended climate forecasts, the extent of their
application is proposed to be constrained by hydrologic corditions existing within the vast
tributary basins. For example, it would not usually be deemed appropriate to only make
minimum pulse releases in Zone B of the WSE Operational Schedule based on extended dry
climate forecasts while very wet conditions exist in tributary basins and large inflows to the
Lake are occurring. There will be times for ’hedging’ from the basic WSE Operational
Schedule implementation guidelines as unique hydrologic and/or environmental conditions
present themselves in the future. However, even if no such hedging occurred, the WSE
Operational Schedule is designed to lead to an advancement in operational proficiency by
directly incorporating tributary hydrologic conditions and climate forecasts into the
operational guidelines. In the following sub-sections the decision criteria (diamonds in the
decision tree; Figure 2a and Figure 2b) are discussed in detail. These criteria may be considered
the starting point from which to ’hedge’ our operational decisions as unique hydrologic or
_environmental events present themselves.

Lake Okeechobee Water Level Criteria
Lake Okeechobee water levels should continue to be checked with a similar regularity as

is procedure with the current operational schedule and at least as often as necessary to
determine changes in the operational zone.
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Figure 2a. WSE Operational Decision Tree
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Hydrologic Analvsis should be completed on a monthly basis for the purpose of identifying
and evaluating Operational Alternatives to Unique Regional Hydrologic and/or
Environmental conditions that may occure.



Figure 2b. WSE Operational Decision Tree
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Hydrologic Analysis should be completed on a monthly basis for the purpose of identifying and evaluating Operational
Alternatives to Unique Regional Hydrologic and/or Environmental conditions that may occur.




Tributary Hydrelogic Conditions

The majority of the Lake Okeechobee regulatory schedules prior to 1978 (USACE, Rules
and Operating Criteria Master Regulation Manuals, 1978) included operational flexibility.
This allowed for adjustments to be made in the timing and magnitude of Lake Okeechobee
regulatory discharges based on conditions in the Lake tributary basins and extended
meteorological outlooks. The implementation of the WSE Operational Schedule suggest
that such considerations be re-emphasized. These conditions will be especially valuable for
determining whether the appropriate window of opportunity exists to ’hedge’ water
management practices in order to take advantage of the recent advances in climate
forecasting. Two measures of the tributary hydrologic conditions are included within the
destgn of the operational decision tree: 1} regional excess or deficit of net rainfall (rainfall
minus evapotranspiration) during the past four weeks and, 2) the average S-65E inflow for
the past two weeks. Each measure should be updated each week.

Thirty-Day Net Rainfall
The merit of the regional net rainfall may be derived from the following dara sets:

1. the monthly rainfall record from the National Climatic Data Center (NCDC) for
the period 1895-1998, and

2. the monthly evapotranspiration which was estimated as being 75% of the standard
project storm ET for the Kissimme River Basin (USACE, 1978).

The net rainfall was computed by subtracting the monthly ET from the monthly
rainfall for the period 1895 through May of 1998. The maximum, minimum, quartiles
and 90ch percentile of the net rainfall for each month is illustrated in Figure 3a. Figure
3b delineates the rainfall exceedance curve with all the months of the year being
considered collectively. In the implementation of WSE schedule, it is recommended
that the tributary rainfall dara may be represented by averaging the upper and lower
Kissimmee basins for the previous 30-day rainfall as made available in the South Florida
Water Management District’s (SFWMDs) daily weather report. The tributary basin ET
may be represented as 60% of the long term daily average pan evaporation estimated
at the Lake Alfred experimental station {on an annual average basis 60% of Lake Alfred
Pan evaporation is equivalent to 75% of the standard project storm or about 44 inches
per year). The ner rainfall provides a valuable indicator of the regional hydrologic
trends within the tributary basin during the past four weeks.

Two-Week Average S-65E Flow

The S-65E flow factors in the rainfall excesses or deficits that have accumulated within
the Kissimmee tributary basins over periods of the past few days to periods for as long
as several months. On average, S-65E flow represents between 35 to 50 percent of the
structural inflows to Lake Okeechobee and thus is an additional effective regional
hydrologic indicator of conditions in the tributary basin. Figure 4a and 4b summarize
the statistics for the 14-day running average S-65E flow (the summary statistics consist
of the maximum 14-day flow that occurred within each month) with a similar



convention as was used for net rainfall. The period of record included in this analysis
extends from 1930 through June of 1998. Sequential and ranked net rainfall and S-65E

flows as computed for Figure 3 and Figure 4 are included in Appendices A, B, C and
D, respectively.
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Identifying Various Hydrologic Regimes

Table 1 summarizes the ranges of the net rainfall and two-week average flow as they
were selected to represent the various hydrologic regimes. These ranges were based on:
1. an extensive review of the available hydrologic record for the period beginning in
1930 and extending through the El Nino period of 1997-1998 and 2. testing with the
application of the South Florida Water Management Model to determine the best
threshold values for meeting the regional hydrologic performance measures. In this
respect, each hydrologic classification are not specifically related to the mean or
variances of the regional hydrologic indicator.

The wettest classification of the two regional hydrologic indicators is selected to
represent the hydrologic conditions in the tributary basin to ensure that flood
protection criteria are being met. Therefore, if net rainfall indicates wet conditions but
S-65E flow indicates normal conditions, the operational condition will be taken to be
‘wet’. During extreme wet conditions it 1s desirable to check regional hydrologic
conditions every day. When conditions become extremely wet, there may be significant
advantages for flood protection and environmental considerations to increase flows
above the maximum flows rates defined for a given zone. This type of action should
be taken only after the appropriate consideration has been given to all the primary
water management objectives. When constdering drier than normal conditions, both
measures of tributary moisture should indicate dry conditions before tributary
hydrologic conditions are defined to be *dry’. The tributary hydrologic indicators
should be updated weekly with a new value being computed for net rainfall and for
average S-65E inflow each week.

Table 1. Classification of Tributary Hydrologic Regimes (Check weekly)'

Tributary Net Rainfall S-63E Flows
Condition (inches past 4 weeks) (cfs-2 week average)
Very Dry less than -3.00 less than 500

Dry -3.00- -1.01 500 - 1499
Normal -1.060 - 199 15C0 - 3499

Wet 200 - 399 3500 - 5999

Very Wet 400 - 7.99 6000 - 8999
Extremely Wet | greater than 8.C greater than 9000

! Wet conditions are defined by the wettest of these two indicators.
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Summary of Historical Rankings

Table 2 provides supporting hydrologic data for the classifications selected in Table 1.
This data includes the percentage of weeks a particular hydrologic regime occurs and
the average tributary basin net rainfall, S-65E flow and Lake net inflow for each regime.
From this table, it can be recognized that under normal to dry tributary conditions, the
Lake water levels can most often be successfully regulated with releases southward to
the Everglades and/or low impact pulse releases to tidewater. For wet to very wet
tributary conditions, normally larger steady flow discharges to tidewater will be
- required to control the Lake level. While for extremely wet conditions, larger flows,
up to maximum capacity, may be required to control the Lake water levels. The exact
magnitude of discharge required to tidewater is dependent on the Lake water level,
whether the seasonal Lake operational schedule is rising or falling, the conveyance
capacity for delivering excess water to the WCAs, the desirability or impact’ such
releases would have on the Everglades, and finally the temporal and spatial distribution

of the rainfall.

Hydrologic Conditions during the 1997-1998 El Nino

The WSE operational guidelines were designed in part based on the events of the 1997-
1998 El Nino. This period includes by far the wettest dry season in the 103 years of
record available for the Lake tributary basin. Areal average net rainfall of about 22
inches occurred over the Lake’s vast tributary basin during the period of November 1,
1997 through March 31, 1998. This excess rainfall was more than twice as large as the
second largest event that occurred during the 1982-1983 El Nino (November-March
period). The 1982-1983 event had a net rainfall which was equivalent to about 10
inches of rain averaged over the Lake tributary basin. The current operational schedule
(Run 25} was designed to lessen the impacts of an El Nino event such as that which
occurred during the dry season of 1982-1983 with the tools available at that time but
not a dry season rainfall as extreme as the 1997-1998 event. Complicating matters for

Table 2. Percentage of weeks that fall within each of the hydrologic regimes (based
on the period of January 1930 through June 1998)

Tributary Percent Average Average Average Net
Conditions Occurrence | Net Rainfall S-65E Flow Lake Inflow
(inches past 4 (cfs - 2 week (cfs - 2 week

weeks) average) average)
h_—_——l—_‘%

Dry 21% 2.2 580 1463
Normal 47 % 0.1 1324 3236
Wet 19% 2.4 2344 5952
Very Wet 11% 4.7 3664 10007
Extremely Wet 2% 8.1 7929 16427
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water management in south Florida was the fact that the last moderately strong El
Nino (1991-1992) did not produce greater than normal rainfall. The WSE Operational
Schedule would not recommend discharges during the 1991-1992 El Nino condition
since the tributary basin remained relatively dry during this period. It does, however,
allow for an earlier response at lower Lake levels during the 1997-1998 El Nino as the
tributary conditions met the criteria of being *very wet’ by December 1997.

Figure 5 illustrates the Lake water levels relative to the WSE Operational Schedule
during the 1997-1998 El Nino event. As the water levels in the Lake rose above the
lowest line of the schedule in late November, net rainfall conditions already indicated
the tributary basins were *wet’” and quickly becoming 'very wet’. This information,
when combined with the Climate Prediction Center forecast for the likelithood of above
normal rainfall, would have recommended the initiation of pulse releases to tidewater.
Within the month of December of 1997, both net rainfall and S-65E flow conditions
were indicative of ’extremely wet’ conditions. During this period, while Lake water
levels were in Zone D, it would have been desirable to initiate steady flow releases.
Hydrologic conditions in the tributary basins remained extremely wet until the end of
March. These conditions suggest that larger than the standard discharges in both Zones
C and B would have been desirable in an attempt to decrease the duration of Zone A
discharges. By mid-April, the tributary basins were in a drying state so that steady flow
discharges were allowed to be reduced to pulse releases during the remainder of the dry
season. A forecast of below normal rainfall for June of 1998 by the Climate Prediction
Center and an increased potential for dry climate conditions for the 1998-1999 dry
season suggested that it may be advantages to discontinue releases to tidewater during
May, 1998. However, the passing of tropical storm Mitch in early November of 1998
eliminated potential advantages gained from this last action.

Another useful example of combining tributary hydrology with climate forecasts is the
case of the spring and summer prior to a forecasted La Nina Year. During wet seasons
months, based on the net rainfall compurtations for the tributary basins, conditions are
normally classified as approaching or being wet during the period of June through
September. However, during certain years the wet season may get a late start and/or
never reach the normal wet conditions as defined in Table 1. Such combination of
factors may lead to increased potential for drought especially if the following dry
season 1s a La Nina year. Therefore, it may, at times, be desirable to discontinue or
reduce regulatory discharges during the late spring months until the selected indicators
suggest that a normal rainy season has begun. If conditions stay dry in the tributary
basins, the Lake will decline to the desired levels by ET and water demands alone as
the tropical season approaches. This will minimize impacts to the estuaries during a
period of the year when large freshwater inflow are not normally desirable. This type
of operational action should only be implemented in a way that ensures that Lake
water levels does not exceed critical water levels during the peak of the hurricane
season.

12
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Special Lake Okeechobee Water Level Criteria

Three special Lake Okeechobee water level criteria are included in the operational decision
tree. These criteria are as follows:

1. Pulse releases are only permitted to replace steady flow releases during the dry
season and when the Lake is below 17.5 feet.

2. When the Lake water levels are in the upper portion of Zone D, within .5 feet
of Zone C, and normal conditions exist in the tributary basin, the decision to make
pulse releases should be based on multi-seasonal forecasts,

3. While water levels are in Zone D, steady flow discharges due to extremely wet

tributary basins are only suggested if the Lake water levels are within .5 feet of
Zone C.

Higher than desirable water levels in the WCAs should allow pulse releases to be made
to tidewater at lower Lake levels while lower than desired water levels in the WCAs may

preclude or lessen reguiatory discharges being made to tidewater. This is particularly true
while water levels are in Zone D.

Seasonal Climatic and Meteorologic Outlooks

Changnon (1982) discussed possible uses of long range climate forecasts in water resources
at the International Symposium on Hydrometorology sponsored by the American Water
Resources Division. Although at the time of his presentation, climate forecasts may not
have reached the point where they could be generally applied in water resources, his
insights towards desired lead times and accuracy of forecasts needed for particular water
resources applications still appear valid today. Changnon’s paper has been included in
Appendix E for ease of reference. With the recent advances in climate forecasting, it
appears, with the appropriate caution, that the time for including these forecasts in the
framework of the operational guidelines has arrived.

Due to the intricate and vast nature of the C&SF Flood Control Project and the complex
interactions of tropical and extra-tropical weather system that effect Florida's weather, it
should not be expected that extended forecasts can be made to a very precise level of
accuracy. However, with recent advances in climate prediction, it is now possible to predict
with some level of confidence whether the upcoming season is likely to have above, below
or near normal rainfall. Changnon indicated that certain longer term regional water
resources operational planning decisions can be enhanced by applying climate forecasts that
are classified into three such terciles. It is at this level of detail at which the official seasonal

14



forecasts’ from the National Center of Environmental Predictions, Climate Prediction
Center (CPC) are to be referenced in this application.

The year is partitioned into two seasons:

1. wet season (May-October) and
2. dry season (November-April)

The 3 to 6 month climate forecasts should be applied to make probabilistic hydrologic
forecasts for the for the remainder of the current season. In addition to climate forecasts,
when lake water levels are in Zone C or higher, one to two week meteorologic forecasts
should also be considered.

Multi-seasonal Climate Outlooks

Muiti-seasonal outlooks are applied to determine when an increased possibility of
extended periods of abnormal rainfall may occur either in the form of large inflows to the
Lake or increased potential for drought. When applying multi-seasonal climate forecasts

for operational planning, it is important that the cumulative hydrologic effects be
constdered.

Tables of Additional Tools and Measures for WSE Implementation

There are several useful measures and tools that are currently available for Lake Okeechobee
operational decisions. One of the most valuable sets of tools may be the regional hydrologic
models that are available within the Hydrologic Systems Modeling Division of the Planning
Department. These models are summarized in Table 3. Table 4 list additional meteorological
and climate forecasts that may be considered.

2http://nic.fb4.noaa.gov:80/products/predictions/multi_season/13 seasonal_outlooks
/color/index.htmi)
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Table 3. Regional Hydrologic Models

Models

Description

Contact

Object-Oriented
Routing Model
(ORM).

This model is initialized with current
water levels and simulates water levels for
a period of several months up to two years
into the future considering climatological
events that have occurred in the past. It is
most useful in making probabilistic
forecasts of expectation and setting
confidence levels for these hydrologic
projections when the climatology of the
current year can be idenuified with a sefect
class of past climatological years. For
example, the 1998-1999 projected La Nina
conditions may suggest that only the past
La Nina years be considered when

~determining the expected value and

confidence levels of these projection. This
type of application is often referred to as
‘position analysis’.

Cary White,

Dr. Luis Cadavid,
Dr. Jayantha
Obeysekera and
Randy Vanzee

South Florida
Water
Management
Model
{(SFWMM)

This 1s the most well known regional
hydrologic model. It’s model domain
includes from Lake Okeechobee, the
Caloosahatchee River, and the St Lucie
River Basins, southward through the
Everglades and includes the Lower east
Coast Developed Region. Currently this
model is only applied for continuous
strnulation but may also be valuable tool if
applied in the framework of position
analysis

Dr. Luis Cadavid
Paul Trimble
Ray Santee

South Florida
Regional
Simulation
Model (SFSRM)

This is the newest of the regional models
that currently may be applied for the
Everglades.

Randy Vanzee

Upper
Kissimmee Lakes
Model (UKISS)

This model simulates the Upper Kissimmee
Lakes and may be useful for projecting
flows through S-65 that will make their
way through the Kissimmee River Basin to
the Lake

Randy Vanzee
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Table 4. Additional Climate Based Tools

Climate Tool

Description

Contact

Converting
NOAAs Climate
Forecasts to
Statistical
Hydrologic
Forecasts

Thomas Croley (1996) presents an approach
that applies historical hydrologic data together
with the new long-lead climate forecasts, for
making statistical hydrologic forecasts. The
potential use of this methodology is currently
under investigation by the Hydrologic Systems
Modeling Division. Croley’s paper appears in
Appendix F.

Dr. Luis Cadavid
Dr. Jayantha
Obeysckera

Atlantic Ocean

Ongoing research of Colorado State

Paul Trimble

Thermohaline University and the Atlantic Oceanographic
Current and Meteorological Laboratory, have reported

on cyclic decadal shifts of the Atlantic Ocean

currents that significantly effect Climare

regimes. within the Atlantic Ocean Basin.

The most recent indicators of the phase of this

ocean current indicates that Florida may

expect much wetter conditions from June

through October during the next few decades

similar to those that were experienced during

the decades of the 1930s, 1940s, 1950s and the

1960s.
Meteorological SFWMD’s Meteorological Forecasts Geoff
and Shaughnessy,
Climatological Eric P. Swartz
Forecasts

Solar Eruptive
Activity and
Secular Trends

Rainfall Activity seasonal to multi-seasonal
prediction of shifts

Paul Trimble

Artificial Neural
Networks,
Intelligent
Systems and
other pattern
recognition
technology

Pattern recognition technology such as neural
networks have provided another valuable tool
for forecasting regional climate shifts for
Florida that may best be explained by
considering the state of El Nino, the Atlantic
Ocean Thermohaline and solar activiry
together

Beheen Trimble
Paul Trimble
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Simulation of the WSE Implementation Plan

As a final step to this process, it is essential the detailed operational guidelines that were
developed from this process are adequately tested. This is to ensure that they meet the regional
water management objectives to a similar or greater level of proficiency as the original
documented WSE simulation. This was accomplished with the application of the South Florida
Water Management Model which was modified to incorporate the more detailed operational
guidelines that are llustrated in Figure 2.

Baseline assumptions for this evaluation include:

1. Operation Schedule 25 (also referred to as Run 25),

2. 1995 infrastructure aﬁd water use levels,

3. Best Management Practices (BMPs) for the EAA,

4. BMP Replacement Water Rule 15 being applied,

5. 1995 Operational Schedules for the Water Conservation Areas,

6. Additional constraints put on discharging regulatory releases to the WCAs when the Lake
water levels are Zone B or C,

In the original simulations of the alternative operational schedules it was assumed that
discharges to a particular WCA were discontinued when thar WCA exceeded the maximum
of its upper most schedule by more than .25 feet. This rule has been refined to discontinue
the discharges if a particular WCA or any of the WCAs downstream the WCA under
consideration are more than .25 feet above their schedule. For WCAZ2A, the maximum of the
current drawdown schedule replaced the WCAZ2A regulatory schedule when making the

operational decision whether regulatory discharges should be made from the Lake to the
WCAs.

Simulated Results

A complete set of the performance measures, as presented in the original documentation of the
alternative Lake Okeechobee Operational Schedule evaluation, are including in Appendix G.
These performance measures are limited to comparing the 1995 base condition to that of the
proposed WSE operational schedule. Figure 6 illustrates a similar trade-off analysis as was
presented in the original report. The WSE operational schedule illustrates similar favorable
performance measure trends as was previously documented. These include: 1) a decrease by 3
in the undesirable Lake Okeechobee water level events for the Lake littoral zone, 2} an
increase by approximately 4 percent of the Lake Okeechobee Service Area water supply needs
being met during drought years, 3) improved hydro-pattern marches to the Natural System
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Figure 6. Multi-Objective Trade-Off Analysis
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Model simulations within the WCAs, 4) a decrease in the number of times high discharge
criteria were exceeded for the estuaries and 5) the simulated benefits for the estuaries and
Everglades Hydroperiod. The benefits for the Everglades Hydroperiod appear to be reduced
slightly due to the additional constraints that were discussed in the previous section for making
regulatory releases to the WCAs. Finally, a crucial performance measure criterion is that for
flood protection during the peak of the hurricane season. The number of days greater than
16.5 feet during the peak of the hurricane season {August 1-September 15th) was reduced from
47 days in the base condition to 6 days with the WSE Operational Schedule guidelines
incorporated. The maximum water level for this same critical period of the year was reduced
from 17.46 feet in the base condition to 16.91 feet with the WSE operational guidelines.
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Appendix A

Sequential Net Tributary Basin Rainfall
(inches)
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.B2
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.04
.B2
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.47
.34
.12
.40
.60
.52
.20
.25
.18
.19
.00
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.46
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LB3
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.41 ~0.82
.09 -1.16
.41 -0.18
.04 0.18
.31 1.3%
.43 0.69
.58 -2.53
.82 0.71
.73 -2.95
.26 1.20
.58 ~1.9%
.00 -2.17
04 -2.74
.67 -1.39
.82 -2.51
.78 5.01
.83 -0.32
.14 -0.51
.53 ~1.84
.13 -1.54
.53 1.54
.40 -0.41
.78 -1.57
.23 0.81
.86 -2.49
.63 -2.49
.16 5.15
.81 3.63

2 -0.38
.29 T l24
.80 -2.02
.55 -1.77
41 =087
.98 -1.46
7B =175
02 -1.84
.98 -Z.C2
.52 -1.87
.04 -C.%4
.08 -1.7%
.62 -1.59
.64 0.49
.54 0.98
.94 2,71
.81 -1.3%
.50 -3.78
.13 -0.44
.54 -3.82
.04 -0.84
.15 Z2.56
.90 0.21
46 -1.22
.13 -0.¢9
.40 -1.28
.86 -1.78
.31 2.23
L83 -0.16
.48 5.15
.15 1.5%

0.50 -0.58
0.4% ~0.22
-0.43 0.49
-0.79 1.51
-1.70 -0.19
-1.51 1.49
-1.22 -0.19
0.50 1.04
0.3% -0.25
0.44 -0.39
-1.50 3 .68
-1.18 -1.19
-0.75 2.68
~-0.30 -1.23
-1.33 0.3%
-0.42 -1.04
1.49 1.40
0.4 0.05
-1.18 1.407
-0.07 1.7%
0.23 0.01
1,52 2.38
~1.71 -0.41
0.8 0.58
1.12 0.11
1.3%9 0©.61
-0.11 0©.28
-0.58 0.22
~-1.81 -0.85%
-l.66 -0.41
1.23 3.18
¢.50 -1.22
-1.05 -0.31
-1.50 -0.47
~1.38 0.57
0.57 1.74
-i.88 D.02
0.92 -2.48
-0.71 -1.50
-1.57 -1.04
-1.04 1.38
-0.28 -0.03
2.54 -0.73
-0.77 -1.47
-1.24 -0.60C
-1.%6 2.561
1.80 2.5%
-1.6% 1:25
-0.72 -1.186
-1.54 -1.36
-0.78 1.23
-0.58 -0.%91
1.41 ~0.07
-0.83 0.07
-0.53 .55
-1.27 1.59
1.9 -0.34
-0.49 -0.53
3.1% 2.14



Saguantial Net Ralnfall

1954 0.04 0.41 -0.86 1.14 1.70 2.42 2.71 -0.03 2.03 -1.53 1.48
1955 1.07 0.17 ©.12 -0.85 -1.75 0.55 2.25 1.11 0.%0 -1.41 -0.87
19%6 -0.27 -0.17 -1.87 -0.03 -0¢.74 -1.12 0.37 1.48 1.58 3.29 -1.59
1357 0.87 2.53 2.88 3.76 3.38 1.40 3.22 2.65 4.17 -1.12 -0.45
1958 5.32 1.78 3.7% 0.56 -0.14 -0.00 0.29 0.30 -0.63 0.41 -0.48
1959 .99 1.38 7.20 0.7% 2.37 4.79 2.60 3.7% 3.80 3.72 ~0.31
1960 -0.27 3.39 5.82 0.61 -1.34 1.00 8.1 0.65 9.93 -0.84 -1.61
1961 1.21 0.99 ©0.07 -0.53 -0.04 -0.66 -0.16 2.07 -2.07 -2.78 -1.09
1962 -C.06 -0.38 1.21 -0.29 -1.31 4.36 0.79 4.21 4.73 -3.04 0.52
1963 ¢.77 5.55 -0.36 -2.48 1.39%9 1.07 1.58 -0.25 3.28 -3.01 3.34
1964 2.5 3.57 0.88 -1.14 -0.93 -0.95 1.73 2.10 1.35 -1,82 -1.23
1965 -0.12 2.30 0.75 -1.21 -3.33 2.95 5.37 1.12 0.97 -0.28 -1.09
1966 3.86 2.87 -0.77 -0.46 -0.13 4.03 1.32 1.57 1.09 -1.60 -1.60
1967 ~0.26 2.34 -1.45 -2.68 -2.97 2.52 2.87 4.82 -0.26 -1.96 -1.71
1968 -C.83 0.48 -1.20 -2.09 1.56¢ 9.04 3.16 0.61 0.65 0.6 0.75
1865 1.2 0.24 4.%9 -1.54 0.64 1.07 1.45 3.84 2.42 .50 0.61
1570 2.07 1.38 4.24 -2.38 0.5%5 -0.48 0.77 0.65 0.87 -1.44 -1.27
1971 -8.78 2.52 -0.84 -1.%6 -0.87 0.07 2.41 2.%2 1.87 1.19 -0.20
1972 -0.22 3.4% 0.47 -1.05 -0.20 2.79 -1.44 1.87 -3.39 -1.62 1.98
1873 4.12 0.77 1.15 ©0.65 -1.30 ~-0.02 4.05 1.87 2.72 -2.36 -0.72
18974 -0.76 -0.12 -0.38 -1.68 -¢.71 8.53 3.76 1.71 0.81 -2.61 -1.51
1375 ~-G¢.&¢7 0.78 -1.00 -1.89% 1.37 1.0% 3.05 0.93 2.84 1.15 -1.10
1976 -0.73 -0.81 -1.09 -0.32 4.5% 2.77 (.48 1.04 1.91 -2.75 0.08
1877 0.%5 0.41 -1.42 -2.24 -1.27 -0.11 2.00 2.11 2.006 -2.42 9.98
1878 i.48 2.49% 0.60 -2.26 0.81 2.27 4.25 ©0.42 -1.00 -1.94 -1.22
18789 5.07 0.13 ~-6.13 -1.36 5.84 -1.39% 0.71 3.13 9.05 -3.42 -0.40
1980 1.5 1.07 06.04 0.74 0.65 -1.12 0.96 0:17 -0.18 -2.61 1.83.
1981 -0.80 2.19% -1.02 -2.69 -1.79 1.97 -0.42 6.18 0.47 -2.96 -0.35
1982 0.28 0.8% 4.26 1.07 1.82 5.07 2.42 1.32 32.96 -0.89% 0.21
1983 1.5y 7.71 4.60 -0.47 -1.90 1.70 1.14 2.3% 1.65 1.09% 0.61
1984 -¢.07 1.84 0.7 -0.4% 0.74 -1.13 3.70 0.54 0.09 -3.21 1.7&
1985 -¢.08 -0.55 0.24 -0.30 -2.16 1.02 1.68 2,40 2.91 -1.15 -0.34
1286 1l.64 0.42 2.20 -2.25 -2.17 4.16 1.38 1.89 -0.%2 2.16 -0.54
1987 1.47 0.34 £.%4 -2.41 0.26 0.17 1.60 -0.60 1.0% -0.20 4.29
1388 1.24 §.80 2.8% -1.57 -1.20 -1.22 2.83 3.17 3.20 -3.14 2.81
1989 1.12 -1.05 0.42 -0.48 -2.46 0.86 1.39 0.86 2.61 -1.132 -0.60
198¢ -0.67 2.17 -1.12 -1.12 -1.22 1.23 3.65 1.90 -0.49 -0.30 -0.87
1991 2.4% 0.31 2.5 d.83 3.18 1.40 5.26 1.16 -1.14 -1.17 -1.44
1982 9.0% 2.73 -0.41 1.01 -2.73 9.71 -i.i0 3.71 1.0% -1.2 1.47
1997 4.36 1.04 3.31 0.70 -1.25 -1.73 -0.01 0.53 1.03 .23 -0.88
1994 2.6% 0.38 -0.11 0.70 -1.85 2.65 1.%2 2.74 &5.03 -0.08 1.88
1595 1.34 0.77 -0.01 0,50 -1.93 4.50 4.41 5.84 2.30 3.68 -0.19
1996 3.41 0.34 4.70 -0.66 0.44 2.84 -0.93 -0.04 -0.19% 0.20 -1.23
1587 0.58 -0.07 -0.08 4.32 -0.95 0.9%2 2.53 1.10 2.%1 -1.3i3 3.68
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Appendix B

Ranked Net Tributary Basin Rainfall
(inches)
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Appendix C

Maximum Averaged S-65E Flow (cfs-14 day)
Estimated for each Month
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Appendix D

Monthly Ranked S-65E Flow (cfs-14 day)
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Appendix E

Possible Uses of Long-Range Weather outlooks
in Water Resources (S. A. Changnon,]r.)
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POSSIBLE USES OF LONG-RANGE WEATHER OUTLOOKS IN WATER RESOURCES

Stanley A. Changnon, Jr."

ABSTRACT: A series of world climate abbecrations thut began in
e 1970's led (o considerable concern over climate and its possibic
cnges (new trends znd greater fluctuations). A part of this con-
ceen developed because the world, with ever increasing population,
has become more sensitive to droughts, feeds, and ether extremes
of weather that comprise climate. This concern led Lo the recogni-
ton that long-range weather outlooks, referred (o aus those for
conditions 1 1o 60 months ahead, had enormous utility in the
management of water, agricultural, and energy resources. The need
foc such forecasls has led Lo intensive research of physical and
statistical methods. Those methods available now produce predic-
tions with sccuracies promising utility for somc water management
endeavors. The grealest suceess 5o far has come frem the slatistically
pased methods, This has been possible because of relatively long
dimatic records und lirge computers able to handie large volumes
of data and complex statistical anaiyscs. Major srcas of application
of climate outlooks in water resources include: 1} operations of
waler managemend systems {river basins, reservolrs, urban water
ucaliment systems, groundwaler recharge, cte), 2) scheduling of
water supply activities (irrigation, structural renovations, etc.); and
3} anticipation of extremes. The needs for predictions range from
weeks to years ahead. Tor example, various reservoir operations
wn be benefitted by 2-week rain predictions and others by pre-
dictions of rain trends over the next 2 years, Predictions correct to
the nearest 6 cm are needed in scheduling reservoir rcleases, but
insticam Mow needs require only a prediction of the relative future
normaley {above, near, or below normal). This paper addresses the
pelentisl upplications in water resources of outlooks.

KLY TERMS: climates; weather patterns; forecasting; long-term

Manning.)

INTRODUCTION

Water and clinmalte are pervasive conditions affecting life
processes and most human activities. Water supplies are
®nsitive Lo most climate variations, be they associated with
man's activities or just with natural fluctuations. Central to
this complex climate-water interaction issuc is the predic-
fion of the future state of the weather for weeks, scasons,
nd nany years ahead. [t appears obvious that such
“dlimate outlooks™ can be uscful in a myriad of water
Tsaurce activities. The general areas of spplication of cli-
Tate predictions in water resources include: 1} operations
of water nanagement systems, 2) scheduling of water

supply activities, 3) anticipation of extremes, and 4) plan-
ning of major facilities.

This paper is not a result of a long-term study; rather it
attempts 1o review and identily the potential needs and
applications of climate predictions to water issues. In a
qualitative sense, [ also attempted to address the future
periods for which predictions are desired, and the general
tevel of predictive accuracy believed useful. Asa summary,
this review identifies the major problems surrounding the
use of climate predictions in water resources, and concludes
with some areas of needed research.

NEEDS AND APPLICATIONS OF
CLIMATE OUTLOOKS

The application of longrange precipitation outlocks in
water resources may seem obvious and the major problem
is building an all-inclusive list of uses. These applications
embrace two major areas: water quantity, and water quality.
Water resource applications, as will be shown, span a wide
variety of time scales (from weeks up to 25 years), and
span a2 wide variety of space scales ranging from a square
kilometer to the continental scales.

The recognized applications of long-range precipitation
outlooks, those defined as being for periods for two wecks
up to 25 years, appear in Table |, There are a large number
of operational applications. Probably the most benefit
from predictions would come from operating systems in-
volving multiple uses (recreation, irrigation, floods, and
water supply). Balancing multiple water requiremenis using
a system appreach that includes seasonal climatic differences
in precipitation (snow melt, dry periods, or floods) would
be very bencficial. Another area of high utility concerns
urban runofl management with its conflicting problenis of
rapid drainage of heavy rainfall, while simultaneously
addressing national regulations to maintain quality oi

drainage walers which requires treatment hefore release of
flnod waters.

| . P
Cliel, Nannis State Water Survey, Box 5050, Stativn A, Champaisn, Hinois 61820,

231



TABLE 1. Arcas of Application of Climate Predictions
{2 Weeks 10 25 Ycears) in Waler Resources,

A.  Onperations of wuler manygement systems
1. River basins {muliiple conirol locales)
2. Snow melt (amount and time) = water supply and flood
polential
b. Water quality — water supply and urbap und rural
wustes, dilution capacity. and repelling salinity
Transportahion adjustments
Hydroclectric power generation
Stormwater manzgcment (use of Mood conticl space)
[ee formation and breakup
Trtigation
Recreation

LS =N

-

. Muluple uses - baluncing complex needs
2. individual rescrvairs
2. Sinple or muliiple-purpose reservoir operations
b. Maintain instream flow needs
¢ Short vs long range manapeincal options
3. Urban water troatment sysiems
a. Storage und treatment schedaling
b. Streect cleaning
Interbasin transfers or releases
Recharge of groundwater squifers
Combined groundwater-surface water supply sysiems
Addressing regulstions and their enforcemenis
Malural lukes
2. lee foimation and breakup
b, Navipalion
¢ Recicanon
d. Reguiation

o

B. Scheduling water supply activitics

1. Lang-term datu coliection and scientific investigations

{streamflow. sediment transport, eie.)

2. lIrripation
Planncd weather modification use and operations
4. Structural renovations and/or construction

a. Dams and channcl ecparr

Silt removal. cutrophication medificstion
Levecs

bl

Installation of best management praclices
. Maintenance of urban quality and supply systems
5. Farming in bottomlands

e oa .

C.  Anticipation of extremes
1. Begin and end of wet periods
2. Begin and end of droughts
D. Planning of major facilities
1. Design of waste treatment and siorm water facilitics
2. Struclures to hull or alter river courscs
3. Development of waler sunply sources
4. Prediction of sustained yietd of aquifers

The scheduling ol water supply aetivities and patculady
nledtta of apphons extin water qurigdlion and wodthiv
modification). certnnly would benefin from use of long-
term outiwoks. The anticipalion of extiemes is gssentially
cross-cuttmg 1ssue that affects operational scheduling and o
host of other water acthivinies. Antweipation of the begmnmg
and ending of droughts. ar wet periods, as well us thed
genera! mazpnitude. would be ot enurmous value.
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The final general area of application is identifieq Yy
planning of major facilities with multi-year life lim,e,I
Qbviously the types of predicijons desired are Tor qu“;
long-tesm, 10 1o 25-year future conditions. In 80"‘3“*1|pa51
planning input has tended 1o be either the peried of Fecory
or normal 30-year precipitation.

A lew exampics of climate prediction applications are j,
order. A 2-week precipitation [lorecast is of great valug y,
reservoir operation for flood control. 1t could be used 4
lower the waler level of the reservoir to absorb aboul Iy
ol the expecled inflow from a storm, assuming 30 perceny
accuracy of the predicted rainfall amount. Flow releagy
can be moderate and extended over a 2-week period. The
prediction period duration will depend on the size of the
reservoir; a week for a small reservoir; up te a month for,
large reservoir,

Longer-term predictions are necded for operating reser.
voirs Lo meet instream {low needs. Low flows downstrean
can be increased by reducing high flow releases [or abov
averape inflows il precipitalion predictions are available for
one 1o six months in advance and il they indicate below
average precipitation. The reliability of the predictions can
be useful even il reliability decreases within increasing
time. Knowledge of both shorter terin {2 10 4 weeks}) and
the longer term predictions can be utilized in reservoir
operations Lo maximize the overall benefits,

[n summary. these ilustrations and the applications
listed in Table | puint 1o the wide potential utility of
tong-range climate predictions. They vary graphically and
they vary seasonallv, and they vary from lead time needed
as well as the period being predicted. Also, the leve] of
accuracy varies according to the applications. The following
sections address these issues.

PREDICTIVE PERIODS

In addressing the temporal aspects of long-term climate
outlooks, it is important 1o recognize and sepasate the fead
time vs the period of predictions. The periods covered by
putlooks are those weceks, months, seasons. or years for
which the prediction is made. The lead time refers to the
period of time before the outlook period begins, Majol
emphases here is on the relationship between the applict
tions of precipitation predictions and periods of predichans
it is recopnized that lead times, those prior (o the prcd!ulcd
period. differ 1o satisfy various design and scheduling
operations. Qutlooks for future periods of 1 up v 12
manths in lepgth would be very helplul n water supply
Forevasite, iy not oo napontant to bt e ngat Gy v
woek of a4 sarse o Lo predict o omonthily satoe bt i
reasonahly close. Predictions of the general magnitude of
precpitation for one o twe years i the Tuture would hav
daoprcal mapact o the numoer inowhich reservons sturing

wates Tor jrrigation sre operated in Calilfornin (Mc('lllh‘“gh'
PR



Possiblte Uses of Lang-Range Weather Quilooks in Water Resaurces

Table 2 presents periods of predictions, for various
gelected applications of prediclions. These are sorted into
five classes end the same applications appear under more
(han one perivd. Reservoir operations bencfit by predictions
for 2- lo 4-weck periods (such as for flood control infor-
mation); also for periods of 2- to 6-month periods in the
future (reservoir operations for maintaining suitable down-
gream flows), and also for !- o 2-ycar futwre periods
{yield management of single-purpose reserveirs in times of
drought). A primary [linding revealed in Table 2 is that
there are needs [or predictions of precipitation for a variety
of pericds, but most cccur between 2 weeks and 10 years.

DESIRED PREDICTIVE ACCURACILES

Not nmiuch is known about the Jevel of accuracy of
precipitation predictions needed to satisly water resource
applications. Since their use has been limited, htile thought
has been given to this issue. McCullough (1981} indicates
that 3-class (lerciles) predictions (wel, near normal, and
diy} have value. Most hydrolagists have indicated, in think-
ing about precipitation predictions, that they want them
“converted” to actual runofl quantities which assunmics a
capubility for predicting 3 specific precipitation value.

Several research hydrologists were asked 1o consider
some of the major applications (Table {) and to answer the
question of whether precipitation amounts in terciles, or
with a specific value being correct to * 6 to § ¢cm, were
useful. Results are shown in Table 3. Certain reservoir
operations of a longer term nalure can be salisfied by
precipitation predictions in the 3-class levels, whereas
others of the shorter term nature need specific outlooks
with error bars of a few centimeters. Many of the applica-

tions of the long-range predictions could be satisfied with
the 3-class system.

PROBLEMS

This review of long-term precipitation outlooks and
their potential applications to water resources reveals a
considerable number of applications. Research to develop
precipilation outlooks has been emphasized in recent
years, and some moderate accuracy exists. A recent meet-
ing (May 1981} of water resource experts and the NWS§
stafl who issue climate predictions revealed that there is a
general lack of awareness of the current Jevel of accuracy,
and certain major problems exist in the area of utility and
development of the precipitation predictions (CAC, 1981).

TABLE 2. Perjods Covered by Predictions Desired for Various Applications.

2 to 4 Week Periods

2 to 6 Month Periods

i to 2 Year Periods

5 to 10 Year Periods

i0 to 25 Year Periods

Rescrvoir operation
Reservoir release rates

lirigation requirerments

Waste treatment plant
lozdinps

Storm water
Managemicnl

Water quality variation

Flond emerpency plans

City <ireey cleaning
and sweeping,

Water system re pairs

l'(}mlrua.'llun

Reuservoir oporation

tnstream Mow necds

Navigation

Floodplain farming

Waler supply from
existing source

Storm water
management

Watcr quality varalion

Maintenunee of Jevees

Snovw removal and
clearnmy plans
Fllertn an waler

Ganhily

Hydrovleotnne scheduling

Ruecreution usi oi
Frvers anel roservins

levels

Reservoir operation
Crop variety selection

Water supply lrom
existing souice

Plan for stream flow and
sediment data collection

IFlood mitigation plans

Construction of new
levees
Crop varicly plantings

Planning (o prevent
the deterjoration of
qualily BMP installution

Water supply source
develop

Sustained yield from
aguifers

Power generation

Design ol waste
ticatment plants

New storm waley
lacilities

Planning to hall stream
coutse changes

Water supply source
develop
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TABLE 3. General Level of Accuracy Desired in Climate
{Scasonal and Annuul) Predictions of Precipilation,

Specific Yalue with
Accuracy Limits of
Jto6Gcem

Precipitation Predicted
Within Above, Near or
Below Normal Terciles

Reservoir operation
{short period)

Reservior operation {long
period}

Reservoir relcase rates [nstream tlow needs

Witer supply

Fload emergencics Navigalion
Stream MNow and seditent
Drata collection

Floods and [Mood mitipation

Stonm walor manapement Snow removal

Crop variety selection
Levee construction and
mainlecnance

rrigation New storm walter {agilities

BMP applications, aquifer yicld,
power gencration

Stream course chanpes

Water quality

A major problem, when one reviews the situation, is a
lack of awareness by the atmospheric svientists of the
specific needs of hydrologists. and in turn.a lack of aware-
ness of the hydrologists about the emerging capabilities of
long-range predictions. [nteractions should helpin improving
the awareness needed by both groups.

Utility of the outlooks by hydrologisis depends on their
perceplions about tie credibility of the predictions. Long-
range ouilooks represent an area of emerging capabilities
and part of the credibility problem relates to the fact that
many hydrologists are not aware of how outlooks are cal-
culated. Again. an informational-cducational effort is
needed.

An important problem with most existing outlooks of
precipitation is the lack of expression of the uncertamty
" levels or error ranges around the predicted value. Most
hydrologisis have engineering backggrounds and are able to
deal with the statistical uncertainty. Hence, expressions of
precipitation predictions as probabilities can be undersiood
by hydrologists.

Another problems relating to long-term precipitation
predictions relates (o the size of urca being predicted for.
Applications desired by hydrologists can vary widely, from
very stmalb basins to very large basims. These may or may
nat nputche skls oavaitable predictions,
Some scdsondt preapiaiion prodichons e 60 peicent
accurate for Loge areas but ave o betier than chance far
sial! arcas. Hence most long-ter precipitation predictions

preptalian

relate to very large sized areus and represent replonal means,
Anather problem area relales to concepts of how o mix
or combine long-range outlooks with short-range (hours 1o

234

days) weather forecasts. Anyone can be confused by thejr
differences, and this interrelationship needs to be studied
and explained better by atmospheric scientists. A seasonaj
[orecast for near normal rainfall can have wel periods lasting
several days.

Another problem relates 10 the lead times currendly used
in mos! Iong-rangc predictions. Many waler resource appli-
cations have lead time requirements greater than currently
used, Water resource experts believe that 1o be most useful,
seasonal predictions of precipitation should be updated
monthly and issued with $-month lead limes, as opposed to
issuance on the first day of the season.

SCMLE RESEARCH NEEDS

The above problems point to certain research needs
beyond a need to have more accurate predictions. Same
researcll needed relates to studies of how long-range pre.
dictions are expressed. The probabilities in space and time,
of the predicted magnitude of precipitation need (o be
defined and expressed in predictions. Secondly, prediction
passibilities for weather extremes and the general variability
need to be studicd. Predictive research also needs to address
the oceurrences of persistent homogenous (prolonged wet
or dry) periods.

1t is apparent from these problems, and the rescasch
needs. that & major effort of education gnd interaction is
needed beiween hydrologists and atmaspheric scienlists.
This will help optimize the research and alert each group of
the needs and capabilities of each group.
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USING INUAA'S NEW ULAIVALE VU LLAJUVRD LN
OPERATIONAL HYDROLOGY

By Thomas E. Croley II'

ABSTRACT; The National Oceanic and Almospheric Administration (NOAA) Climate Prediction Center re-
cently began issuing new multiple long-lead outlooks of meteorological probabilities. Operational hydrofogy
approaches for generating probabilistic hydrological outlooks must be compatible with these meteorological
outlooks yet preserve spatial and temporal rcfationships observed in past meteorology. Many approaches, how-
ever, either limit the use of historical data to be compatible with meteorological outlooks oc limit compatibility
with the outlooks to allow fuller use of historical data. An operational hydrology approach that uses all historical
data while rematning compatible with many of the new fong-lead outlooks, in order of user priority, is described
here. The approach builds a hypothetical very large structured set of possible future scenarios, to be treated as
a “*sample'’ from which to estimate outiook probabilities and other parameters. The use of this hypothetical set
cormresponds to the weighted use of a scenario set based on historical data. The determination of weights becomes
an optimization problem far the general case. An example illusirates the concepts and method.

MAKING PROBABILISTIC OUTLOOKS
Meteorologicat Probabliity Outiooks

Advances in long-range forccasting techniques recently en-
abled useable climatc predictions beyond the previous 90-day
limit. The National Oceanic and Atmospheric Administration

(NOAA) Climate Prediction Center now provides cach month

a “Climate Qutlook,"” consisting of a one-month outlook for
the next month and 13 three-month outlooks, going into the
future in overlapping fashion in one-month steps. Background
and recent history on seasonal forecasting are provided else-
where (Bamnston et al. 1994; van den Dool 1994; Livezey
1990; Wagner 1989; Epstein 1988; Ropelewski and Halpert
1986; Gilman 1985).

The forecasts in the ‘‘Ciimate Qutlook™ are formed by a
combination of methods. For U.S. air temperature and precip-
itation forecasts, these methods include: (1) Canonical cor-
relation analysis (Barnston and Ropelewski 1992) relating
spatial anomalies of sca surface temperature, Northern Hemi-
sphere 700 mb height, and the U.S. surface climate; (2) use
of abserved interannual persistence of anomalies (Huang et al.
1994); and (3) forecasts from six-month general circulation
models driven by sea surface temperatures [a set persisied
from one hatf-month earclier and a set assembled from coupled
ocean-atmosphere model runs (Ji et al. 1994)]. The general
circulation model is a version of the National Meteorological
Center medium range forecast model with special develop-
mental emphasis on tropical processes.

Each outlook estimates probabilities of average air temper-
ature and total precipitation falling within preselected value
ranges. The value tranges (low, normal, and high) are defined
as the lower, middle, and upper thirds of observations over the
period 196190 for each variable. The climate outiooks pre-
sume that one of only four possibilities exist for the probabil-
ities for each variable: (1) The probability of being in the high
tange exceeds one-third and the probability of being in the
low range is reduced accordingly (it remains at one-third for
the normal range), referred to as being *‘above normal'™; (2)
the probability of being in the normal range exceeds one-third
and the probabilities of being in the low and high ranges are

'Res. Hydro., Great Lakes Envir. Res. Lab., 2205 Commonwealth
Blvd., Ann Arbor, MI 48105-1593.

Note. Discussion open unt} December 1, 1996. To extend the closing
date one month, & written request must be filed with the ASCE Manager
of lournals. The manuscript for this paper was submitted for review and
possible publication on August 24, 1995. This paper is part of the Journal
of Hydrologic Engineering, Vol. 1, No. 3, July, 1996. ©ASCE, ISSN
1084-0699/96/0003-0033 -0102/84.00 + $.50 per page. Paper No.
11449,

reduced accordingly and are equal, referred to as being "‘nor-
mal’"; (3) the probability of being in the low range exceads
one-third and the probability of being in the high range is
reduced accordingly (it remains at one-third for the normal
range), referred to a0 being ‘“below normal’’; or (4) skill is
insufficient to make a forecast and so probabilities of one-third
in each range are used, referred to as ‘‘climatological.”’

Hydrologlcal Probabitity Outlooks

Users of these climate outiooks can interpret the forecast
probabilities in terms of the impacts on themselves through
‘‘operational hydrology'' approaches. Possibilities for the fu-
ture are identified, which resemble past meteorology (preserv-
ing observed spatial and temporal relationships) yet are com-
patible with the climate outiooks. Some operational hydrology
approaches consider historical meteorology as possibilities for
the future by segmenting the historical record and using cach
segment with models to simulate a hydrological possibility for
the future. Bach segment of the historical record then has as-
sociated time seties of meteorological and hydrological vari-
ables, representing a possible *‘scenario” for the future. The
approach can then consider the resulting set of possible future
scenarios as a statistical sample and infer probabilities and
other parameters associated with both meteorology and hy-
drology through statistical estimation from this sample (Croley
1993; Croley and Lee 1993; Croley and Hartmann 1990; Day
1985; Smith et al. 1992). Other operational hydrology ap-
proaches use time serics models of the historical data to
generate the *‘sample.'’ This increases the precision of the
resulting statistical estimates, since large samples can be gen-
crated, but not the accuracy. Use of the historical record to
directly build a sample for statistical estimation avoids the loss
of representation consequent with the use of time series mod-
¢ls, but requires a sufficiently large historical record.

The operational hydrology approach uses statistical sam-
pling tools as if the set of possible future scenarios were a
single “'random sample'’ (i.e., the scenarios are independent
of each other and equally likely). This means thai the relative
frequencies of selected events are fixed at valuss different
{generally) from those specified in climate outlooks. Only by
restructuring the set of possible future scenarios can we obtain
relative frequencies of selected events that match climate out-
looks. This restructuring violates the assumption of indepen-
dent and equally likely scenarios (no random sample) from the
point of view of the historical record (a priori information).
However, the restructured set can be viewed as a random sam-
ple (*'posterior’” information) of scenarios conditioned on eli-
mate outlooks. There are many methods for restructuring the
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set of possible fulure scenarios (Croley 1993; Day 1985 In-
gram ¢t al. 1995; Smith et al. 1992).

BUILDING A STRUCTURED SET

In building an operational hydrology set of possible future
scenarios from which to estimate probabilities and other pa-
rameters associated with various meteorological and hydrotog-
ical variables, constder constructing 2 structured set that, when
ireated as a statistical sample, guarantees that probability es-
timates for ceftain variables match a priori settings. That is,
we can build a structured set of possible scenarios that gives
relative frequencies of average air temperature and total pre-
cipitation (over various times in the scenarios) satisfying the
a priori settings of the climate outlooks. We can arbitrarily
construct a very large structured sct of size N by adding (du-
plicating) cach of the available scenarios (in the original set
of a possible future scenarios); each scenario numbered § (i =
1,...,n) is duplicated i times. By judiciously choosing these
duplication numbers (ri, 2.« - «» r.). it is possible to force the
relative frequency of any arbitrarily defined group of scenarios
in the structured set to any desired value. For example, sup-
pose only five of 50 (10%) 12Z-month scenarios beginatng in
June have an average June air temperature cxceeding 30°C,
and our a priori setting (from a climate outiook) for this ex-
ceedance is 20%. We could repeat cach of these five scenarios
nine times and repeat the other 45 scenarios four times to build
a structured set. This structured set of size 225 (=5 X 9 + 45
% 4} would then have a relative frequency of 20% of average
June air temperature exceeding 30°C (5 X 9)/225 = 0.2). For
sufficiently large N, we can approximate a priori settings at
any precision by using integer-valued duplication numbers, £
In addition

2 =N (1)
b=l

The building of a structured set in this manner 1o match a
priori settings is one of many arbitrary possibilities, but is
suggested by considerations of constraints on estimated prob-
ability distributions for a single variable; see Appendix L

By treating the N scenarios in the very large structured set
as a statistical sample, we can estimate probabilities and cal-
culate other parameters for all variables. In particular, consider
any variable X (either historical meteorological or simulated
tydrological); ¢.g., X might be July-August-September total
precipitation, end-of-August soil moisture storage, water sur-
face temperature on day 35, or average June air temperature.
We denote the event that a variable X is less than or cqual to
a value x as {X = x} and the probability of this cvent as PIX
= x]. This probability is estimated, when considering the very
large struciured set as a statistical ‘sample, by the ‘‘relative
frequency”’ of the event in the structured set. The relative fre-
quency of event {X = x} is just the number of scenarios in
which the event occurs divided by the set size N

Plx=x1= E lﬁ Q= {k|x} = x} @)
FEG

where £[ ] = a probability estimate; and x¥ = value of variable
X for the kih scenario in the very large structured set of N
scenarios. [Read the set notation in (2) as **{} is ali values of
& such that x¥ = x.'} Actually, there are only n different val-
ues of X (x, i = 1, ..., n) since these n values were dupli-
cated, each by a number r,, to create N values in the very large
structured set. We can rewrite (2) in terms of the original set
of possible future scenarios, for any variable X

X ==, }’\-‘F Q= (i{x] < x) 3
=14} -
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the large structured set of scenarios as if it was 8 statistical
sample) in terms of the original set, Consider the y-probability

quantile for variable X, & it is defined by

PX=El=v @)

The ~-probability quantile, &, is estimated when considering
the structured set as a statistical sample, by the mth order sta-
tistic, y¥, where m = yN. Order all values of X in the very
large structured set (x§, k=1, ..., N) from smallest to largest
to define the order statistics (yk, m = 1, ..., N). The proba-
bility estimate is then

P[Xﬁyﬂ:%. m=1...,N (5)

where y = x¥ and k(m) = number of the value in the struc-
tured set corresponding to the mth order. [For example, if the
third value in the structured set, x5, was the largest (¥4 =

x4}, then k(N) = 3). Alternatively, (5) can be written as fol-
lows:

p{xsx:{_,hzl. me=1,....N (6)
) - N :

In terms of order statistics for the original set (vi.j=1,
.., n), there are ry, identical values of y7 in the very large
structured set where i(j) is defined similarly to k(m} but for
the original set in whichj=1,..., 1 and y; = xip- Eqs. (5)
and (6) may be rewritten in terms of the original set of possible

future scenarios (for any variable X)

}
X =yl=BX = sigl= 22 j=1....n D
[

N‘
Likewise, the sample mean and variance of variable X over

the structured set £ and §°, respectively, become, in terms of
the original set

| 1
£=I—Vz;xf=-ﬁz:lr,x? (8a)
» x
1 1
Stam > (- =g G -9 @b
N & NG
Rewriting (3), (7), and (8)
PX=x]= 1 E w,. = {ilx} £.x] (9a)
' L
!
i
BX=yl==0 wan J=1cou? (©b)
L
l [ ) ]
g== 2 waxli = L 2 wilx? — £ (9c.d)
) LT} L=
where
m=%n (10)
Note that
wi=h (D

-l

and if all w; = 1, then (9) gives contemporary (unstructured)
estimates from the original set, treated as a statistical sample.
Other statistics can be similasly derived.

Eq. (9a) is functionally the same as that presented by Smith
et al. (1992); here, the full development of statistic weights,
including resampling and empirical distribution matedal, is



[ opTiaize FoR weIGHTS |

REMOVE LOWEST
PRIORITY SETTING

WEIGHTS
FEASIBLE™? no

yes

STOR

Method |: Strictly Positive Weights
{iUse All Historical Time Series)

“NOTE: "Feasible" refors 1o satistac-
tion of all {remaining) apricd settings
and positivity constraints (Method 1} or
non-nagativily constraints {Method I().

CLP

{ oPTMIZE FOR WEIGHTS |

REMOVE LOWEST
PRIORITY SETTING

RESTORE
SETTINGS

1

REMOVE ALL *w; = 0"
JUST ADDED

SETTINGS
ELIMINATED?

ADD “w; =" FOR
EACH w; < 0

Method II: Nen-Negative Weights
{Maximize Use of Aprioti Settings)

FiG. 1. Procedural Algorithms for Datermining Physicaily Relevant Walghts

TABLE 1. Meteorologlcal Quantiies on Lake buperlor Basln®
for Salectad Perlods

Temperature Quantlles .| Preclpltation Quantlles

' Tooam Tg.o.ea7 00212 O 07

Parlod, g ("G} (*C) (mm) {mm)
(1) {2) (3 {4) (5)
Jun 13.38 14.43 69 106
NA 15.18 . 1629 242 295
JAS 1449 15.12 240 299
ASD 10.32 11.18 253 282
SON 408 502 206 247
OND —3.40 —2.09 178 216
NDJ -13.30 -9.27 157 190
DJF —14.19 —12.71 135 151
JFM -12.68 —10.75 121 135
FMA —6.86 —4.52 123 146
MAM* - 0.88 2.13 154 177
. AMI . 803 B.55 197 230
M3 1304_.' 135 234 267

Bstimated from 1961-90 daily data over the Lake Superior Besin

from 2230 metecrological stations Tt'ue.sscn averaged spatially (Croley and
Hartmann 1985).

presented and extended for other statistics. Smith et al. used
climatic indices from long-range forecasts to set their weights
subjectively. Here, we will set the weights objectively to match
a priori climate outlook probability settings. Appendix I con-
tains an example for matching & single set of a priori settings
of probabilities by finding appropriate values of the weights,

w,. A more gcncml approach for matching multiple settings
follows.

CONSIDERING MULTIPLE OUTLOOKS

Now consider the case of multiple a priori settings (from a
climate outlook) with which to match relative frequencies. For
example, consider the settings from the new NOAA Climate
Prediction Center *'Climate Outlook’ '

BT, > Toeml=a, g=1....,14 (12a)
PIT, = v = by g=1.... 14 (12)
Pltporn < Ty S Tpoee] =1 ~ @y~ by g=1...,14 (12)
PIQ, > 8peml =cy g=1..., 14 (124>
BlO, = Boaml =d, g=1,....14 - (12

PlByosn< Q= 9;».;:1'] =l-c¢~d, g=1....14 (129

where T, and (3, = average air temperature and total precipi-
tation, rcspccuvcly. over period g (g = 1 coresponds to a one-
month period, and g =2, . 14 corresponds to 13 successive
overlapping three-month pcriods): T,y and €, = temperature
and precipitation reference vy-probability quantiles for period
g, tespectively; and (a,. b,, ¢, and d,, g = 1, . .., 14) = ontlook
settings. By definition, the reference +y-probability quantiles
are estimated from the 196190 historical record for each pe-
riod g. To illustrate (12), consider the June 1995 *“*Climate
Qutlook’'; there is a one-month June outlook (g = 1 or “‘Jun"™)
and 13 three-month outlooks successively lagged by onc
month each (g = 2 or ‘‘June-July-August’ or “*JIA," and g
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Period, | p2 | po" | Temperature Probabilities” Precipitaton Fronaisues

g {-o=, Tpaa3s) {T.as6m ) [0, Bposn] (G067 =)

(Te.a33n Tooser] - (Bpe30% Bpu.687)

M @@ @ ®) ©) @ | ® ©)
Jun9s | 0c | O¢ 33 33 33 33 a3 33
JJA 'G5 33 33 33
Jas o5 | B [oray | i | e ¥d| 33 33 33
ASO '95 33 33 33
SON ‘95| E PR Tns 3 33 33 33
OND "85 33 33 a3
NOJ 95 33 33 33
DJF 95
JFM 96
Fma 06| B8l L oc

‘mam g6 BRY | 0c
AMJ ‘96 Oc 33 33 33 33 33 33
MJS'96) Oc i Oc 33 33 33 33 33 33
Ja9s) ocl| oc| 33 33 | 33 } 33 33 | 33

0 robability {Pr and Pg designate temperature and precipitation probabilities, respec-
tively) in excess of 33% in fow interval {below normal), in mid intervat {normat), orin
high interval (above normal), "no forecast” is indicated by “0 ¢” (climatotogical).

®brobabilities over the Climate Prediction Center's corresponding interval definitions.

Probabilities expressed as percentages do not appear to sum to unity because of the
two-digit round-oft used here.

FIG. 2. NOAA Climate Prediction Center June 4895 Climate Outlock Probablilties for Lake Suparior Basin

=3,4,..., 1401 “IAS ASO!M L. UTTAY respectively). -
Eqs. (12c) and (12f) are redundant with the rest of (12) be- > wi=n

(14e)
cause relative frequencies sum to unity
. where t,; and g,, = average air temperature and total precipi-
P[T, = T,.u;n] + P[T,_n.:n < T. = ‘l'.,o.ss'.l] tation, feSbF:CﬁVCl}’. Over pcriod 2 of scenario i. Altcmativcly,
. 14) can be writte :
+ P, > Tposnl = Log = Lot 14 Wy P n as follows
P[Q. = e..ﬁju] + P[a,.u,m < @ = Bpoml Z a,w=¢e, k=1,...,57 (15}
i
+ e =1,g=1,..., 14 13b . . .
P10, > 8rasa) £ _ (136) where a,; = 0 or 1 corresponding to the exclusion o inclusion,
“Therefore, there are four independent settings in (12) for cach respectively, of each variable in the foregoing sets; and e =

of the 14 climate outlooks for a total of 56, if all outlooks are climate outlook relative frequency settings specified in (12)

used. times the number of available scenarios
Rewritt 12) and (13) in iight of (9
writing (12) (13) g (9a) o= k=1, ... 14 (16a)
=an, A, = {ijt,; > Troesrls =1,..., 14 ida) .
;‘ w, =4, ¥ { ‘ Fu) ;uu:t} g { e = byjen, k=15,..., 28 (lﬁb)
E w = b:n- Bs = {"ifu = T:.tu!!}- £= 1, ..., i4 (l4b) €y = Cr-zgfh k=129,..., 42 (IGC)
fefy
Z e =dygn, k=43,....56 (16d)
w,=cn C, = [i > B0l g=1,....14 (l4c)
& ' = € ] 1G4 soserh § ee=n k=57 (16€)
> wi=dyn, Dy = ilg = Beml. g = L. 14 (14d) Ordinarily, all of the Climate Prediction Center climate out-
by

looks may not be used, in which case simply write (15) as
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Period, kh] Interval® inclusion in interval, ag s i = 1, ... 45% ot

&

(1) (2) 3) ) (5
JAS 95 | 21 (fuogen =) | 110011010001 110100100110010000000001000111010 | 032 x 45
JAS'95 | 3| (oo, Tuosss) | 0011001010000010010(00011010010F0010010000001 | 0.32 x 45
SON'95 | 4| (Teocn =) | L00001101010111100061011010001000001 100000000 | 0.30 x 45
SON'95 | 5| (o0, Tass] | 000100000001000001 100000101010011000011001010 | 0.36 x 45
DJF "85 6| (Thosem =) 1001111iOIOl100[0100100000[00()011010001!011“ 0.34 x 45
DJFE'YS | 7| (-0, Troaal 00CN0000 101001 1010100001010011 103100000000000 | 0.32 x 45
JEM9E | 8! (Tocer %) | 000L11000100100100000000100010001011111001111 | 0.35x 45
JEMO6 | 9| (-o0, Toass] | 01000000001000101000001010001100100000000000 | 0.3( x 45
JFM'96 | 10| (Buoeen o) | 11101110000000001110001100110100000000110000 | 0.23 x 45
JEM 96 | 11 | (coo, Giosss] | 00000001 11111010000101000000010000 1011000111 | 0.43 x 45
FMA'96 | 12 | (fiasen =) | 00010100010010000000000010001000101 1111001111 | 0.34 x 45
FMA'96 | 13 | (eos, 0205] | 010000000000000010100101010001 100000000010000 | 0.32 x 45
MAM ‘96 | 14 | (mosen o) | 0010101001000100000100001000100010001 11101111 | 0.36 x 45
MAM ‘86 | 15 | (oos, 0333 | 0100010100010000101001 11010000100000000010000 | 0.30 x 45
£ntire 1 -9, o2) 1“1!“1“1[111[1llllll'illlll11“1[111111!1” 1.00 x 45

®pariod as selected (hightighted) in Figure 2.

YPariod renumbered by priority (1 = highest) as in (17).

“Interval as defined in Table 1.

dcoefiicients in (17) defined for each selected period, k, of the climate outlook, and for

each scenario, i, in the historical record.

FIG. 3. Boundary Condition Eq. (17} for June 1885 Quttook on Lake Superior

Eauw;=c,. k=1,...

dul

) 1m (17)

where m =< 57, and the appropriate equations, corresponding
to the unused outlooks, are omitted. We must solve the equa-
tions in (17) simultaneously to find the weights.

Generally, m # n and some of the equations may be either
redundant or nonintersecting with the rest and must be elim-
inated. (If m > n, then m — n of the equations must be either
redundant cr nonintersecting. This corresponds to not being
able to simultaneously satisfy all climate cutlook information
with fewer scenarios than there are outlook boundary condi-
tions.} Setection of some for eliminaticn is facilitated by as-
signing each equaticn in (17) a priority reflecting its impor-
tance to the user. [The highest priority is given to the equation
in (17) corresponding to (14e), guaranteeing that all relative
frequencies sum to unity.] Each equation, in priotity order
starting with the next to highest priority, is compared to the
set of all higher-priority equations and eliminated if it is re-
dundant or does not intersect the set. By starting with the
higher priorities, we ensure that each equation is compared
with a known valid set of equations, and that we keep higher-
ptiority equations in preference to lower-priority equations,

Thus we can always reduce (17) 5o that m < a. If m = n, then
(17) can be solved via Gauss-Jordan elimination as & system
of linear equations for the weights, w,, since the equations are
now independent and intersecting (in n-space). Otherwise, m
< n, and (17) consists of the remaining independent intersect-
ing equations. a .

There are multiple solutions to. (17) for m < a, and the
identification of the “‘best'* set of weights requires the speci-
fication of a measure for comparing the solutions. One such
mecasure is the deviation of the weights from unity, 2., (w: —
1)%. Solutions of (17) that give smalier values of this measure
can be judged better than those that do not (and the resulting
very large structured set of scenatios is more similar to the
original set of scenarios in this sense). Other measures are also
possible, including those using other functions expressing de-
viation of the weights from a goal, or measures defined on the
resulting joint probability distribution function estimates
(looking at similarity in joint distributions between the very
large structured set and the original set), Here, it is judged
desirable 10 be as similar to the original set as possible, in
terms of relative frequencies of the selected events.

We can formulate an optimization problem to minimize the

foregoing deviation of weights from unity in sclecting a so-
lution to (17)
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TABLE 2. Cilmate Outloock Walghts Using Al Tuswiuas win
Serles”

Sattings”

Year welght Year | Welght Year | Weight Yoar | Waight | Year | Welght Year | Waight
4)) 2) @ {4) (5) (6) (1) jta] (3 4 (S) (6)
1948 | 0444378 | 1963 | 0259718 | 1978 1.527387 1948 0 1963 | 0450000 | 1978 | 1.269962
945 | 1659873 | i9s4 | 1527387 | 1979 § L1 12034 1949 | 1060486 | 1964 | 1269962 1 1979 | 1.91987)
1950 | 1089694 | 1965 | 1112034 | 1980 1.459070 1950 | 0312190 | 1965 | 0424136 { 1980 | 1.813411
1961 | 0927374 | 1966 | 1.183255 ) 198] 1.527387 1951 | 1.008031 | 1966 | 1.808557 [ 1981 1 1.279712
\o52 | 0.150880 | 1967 | 1.089694 } 1982 0.157130 1952 0 1967 | 1879379 | 1982 [ 0.171944
1953 | 0259718 | 1968 [ 0982324 | 1983 1.007623 1953 0 1968 | 1912046 | 1983 | 0.911242
(954 | 0450628 | 1969 | 1.659873 | 1984 1.545569 1954 0 1969 | 2627675 | 1984 | 17957197
1955 | 0335539 | 1670 | 1.192282 | 1985 1675219 1955 | 0.357372 | 197C 0 1985 | 1.875076
1956 | 0.528100 | 197t | 1.104530 ) 1986 1.459070 1956 | 1.137376 | 197t | 0379306 | 1986 | 1.884862
los7 | ooges2s | 1972 1 1675279 | 1987 | 0335539 1957 | 0977323 | 1972 | 1803624 | 1987 0
l9sg | 1636225 | 1973 | 1.098279 | 1988 | 1.0B3444 1958 | £.355692 | 1973 | L724416 | (988 | 1.737354
1050 | 105783 | 1974 | 1112034 | 1989 ) 0921124 1950 | 1264911 | 1974 | 0424136 | 1989 ) 0.767599
1960 | 0259718 | 1975 | 1621390 | 1990 0.688826 1960 | 0025845 | 1975 | 1.297178 | 1990 | 0977323
ioe1 | 0521850 | 1976 | 1536542 | 1991 | 0.921124 1961 | 0.825493 | 1976 | 0.366735 § 1991 | 0.839051
loe2 | v10as30 | 1977 | 1104530 ) 1992 | 0157130 1062 | o.460508 | 1977 | 25222821 1992 | 0082140

“Solution of Eq. (18) with Fig. 3 coefficients and Method 1 in Fig. 1;
a priori scttings for JAS, SON, DIJF, and JFM temperature peobabilities
are used and scuings for FMA and MAM temperature probabilities and
JFM precipitation probabilities are unused.

min 2 (W — 1)} subject 0 & 2 auwi=e k=1 ..., m
) =1

-l

(18)

By defining the Lagrangian for this problem (Hillier and Lie-
berman 1969)

L= j (w; — - i A (j QW — et) (19
] b=l fml

(where X\, = unit penalty of violating the kth constraint in the
optimization) and by setting the first derivatives of the La-
grangian with respect to each variable to zero

L m
A osw-) = D Nhay=0 i=l...,n (200
aw, =i

L n

6__=_ a,w + e =9, k=1,...,n (208)
TV

we have a set of necessary but not sufficient conditions for the
probiem of (18). Eqs. (20a,b) are lihear and solvable via the
Gauss-Jordan method of elimination. Sufficiency may be
checked by inspection of the solution space in the vicinity of
the solution.

The solution of (18) may give positive, zero, of negative
weights, but only nonnegative weights make physical sense
and we must further constrain the optimization to nonnegative
weights. This can be done by introducing nonnegativity in-
equality constraints into (18), converting them to equality cot-
straints by defining additional variables, redefining the La-
grangian in (19) in terms of these additional constraints and
variables, and determining the corresponding additional equa-
tions in {20). These additional equations would require enu-
meration of all zero points or “roots™ of (20) (a root is &
colution with zero-valued weights). However, this is compu-
tationally impractical since it can involve the inspection of
many roots {e.g., for n = 50, there are 2° — 1 roots (>10")).
Furthermore, nonnegativity constraints can result in infeasi-
bility (there is no solution). in this case, additional lowest pri-
ority equations must be eliminated from (17) to allow a non-
ncgative solution, The smallest number possible should be
eliminated so that as many of the a prioti settings as possible
are preserved. Elimination of equations can proceed in a va-
riety of manners. If higher-priority equalions were climinated,
it might be possible to eliminate fewer equations. This would
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*Solution of Eq. {18) with Fig. 3 coefficients and method 2 in Fig. I
all a prieri settings in Fig. 3 are used.

involve further assessment of the importance of a small set of
high-priority equations versus a larger set of lower priority
equations, which is impossible to make in a general manner
for all situations. The following two methods provide system-
atic procedures for finding nonnegative weights through the
elimination of lowest-priority equations. They also avoid the
direct use of nonnegativity constraints in {18), thus avoiding
inspection of the large number of roots that can result.

The first method guarantees that only striclly positive
weights will resulg; this means that all possible future scenarios
are used (no scenario is weighted by zero and effectively elim-
inated) in estimating probabilities and other parameters. The
procedure is to solve (18) without additional ‘‘positivity’’ con-
straints (all weights are positive). If the solution also satisfies
the positivity constraints, then we also have a solution to the
further-constrained optimization problem, and we are finished.
If the solution does not satisfy all the positivity constraints,
then it cannot be an actual solution to the further-constrained
problem. This indicates some positivity constraints are active
in the actual solution and the constrained optimum may exist
only in the limit as some of the weights approach zefo (non-
positive). We need not solve this further-constrained probier,
since that solution does not interest Js. Instead, we remove
the lowest-priority equation (reduce m by one) in (17) and (18)
and resolve the optimization, repeating untit we have a strictly
positive solution. Fig. 1 summarizes the procedural algorithm
for this method.

Alternatively, if we are willing to disallow some of the pos-
sible future scenarios (allow zero weights), then we can strive
to satisfy more of the a priori settings [more of the equations
in (17)] in the solution. In the second method, if negative
weights are observed in the solution of (18), we add zero con-
straints (w, = 0), corresponding only to those weights that are
negative, and solve this further-constrained problem. However,
introducing selected zero constraints will either eliminate some
a priori settings [equations in (173] (because of infeasibility
Sut nol because of redundancy) or it witl not. If it does, the
solution 1o the further-constrained problem cannot. be feasible
in the predecessor problem. The method instead removes the
lowest-priority constraint in the predecessor problem (reduce
m by one) and resolves the optimization. It it does not (elim-
inate some a priori settings), then the optimum solution 1o the
further-constrained problem is feasible (and optimum) in the
predecessor problem, but new negative weights could be gen-
erated. If no negative weights are generated then we are fin-
ished. If some negative weights are generated, the process (of
adding selected zero constraints and solving the further-con-



Quantllas

Standard

Month 1% 5% 10% 20% 80% 80% 0% 95% 99% Meaan deviatlon
(1) (2) (3) (4) (5) {6} (7) (8) (9) (10) (11) (12}
June 1995 334 99 103 108 (49 167 185 188 198 141 0
July 1995 68 80 92 104 1i4 142 153 166 180 120 26
August 1995 22 44 55 g2 95 131 137 151 183 12 15
September 1995 —14 -5 | 3 65 109 137 157 176 75 47
October 1995 — 14 -5 7 23 46 ¥ 89 93 102 49 10
MNovember 1995 —-58 —42 -18 -~14 2 30 59 66 BS i0 33
December 1995 ~&5 —~59 —50 -39 —18 -5 -1 2 16 —26 18
January 1996 =77 —65 —-50 ~ 40 -23 -15 6 8 13 —25 20
February 1996 —55 -37 —-27 -22 - 14 i3 21 26 58 -6 3
March 1996 -27 ~25 -7 5 21 59 82 92 115 34 k1Y
April 1996 4] 62 75 B7 120 151 164 £73 177 121 n
May (996 94 100 104 127 159 192 228 234 246 162 42

‘Forecast noncxceedance quantiles, mean

. and standard deviation ere cxpeessed as overiake depths. The quantiles are interpolated from Eq. (95) and

the mean and standard deviation are from Eq. (Gc.d), with the weights from Table 3. This hydrological aullook comresponds to the Climate Prediction
Center “"Climate Outiook' for June 1995, using probability settings on temperature for periods JAS, SON, DIF, JFM, FMA, and MAM, and on

precipitation for the JFM period.

strained problem} can be repeated either until an optimum so-
Iution is generated to the further-constrained problem that is
nonnegative or until a prior settings are climinated. If the
latter occurs, the method removes the lowest-prority con-
* straint in the predecessor problem (reduce m by one) and re-
solves the optimization. This process is repeated until we have

a nonnegative solution. Fig. 1 also summarizes the procedural
algorithm for this method.

EXAMPLE CONSIDERATION OF MULTIPLE
OQUTLOOKS

Consider the following example. The Great Lakes Environ-
mental Research Laboratory (GLERL) hydrology models are
to be used to estimate the 12-month probabilistic outlook of
net basin supply for Lake Superior beginning June 1995 by
using the NOAA Climate Prediction Center *‘Climate Out-
look™ for June 1995. (Net basin supply is the algebraic sum
of overlake precipitation, lake evaporation, and basin runoff
to the lake.) The outlook will be made by identifying all 12-
month meteorological time series that start in June from the
available historical record of 194B—93; there are 45 such times
series for sach meteorological variable, The time series for all
meteorological variables wiil be used in simulations with
GLERL's hydrology models and current initial conditions to
estimate the 45 associated time series for each hydrological
variable. Each set of historical meteorological and associated
hydrological time series, corresponding to each segment of the
histotical tecord, represent a possible future scenario. The 45
scenarios will be used as a statistical sample in an operational
hydrology approach to make the probabilistic outlook. We will
incorporate the Climate Prediction Center **Climate Outlook’™
by using selected period outlook settings as boundary condi-
tions in the determination of weights to apply to our scenario
set. We use these weights, through estimates from (9}, to make
our probabilistic outlook.

We must begin by abstracting historical quantiles of air tem-
perature and precipitation for the Lake Superior basin; these
are presented in Table 1 for the periods of interest in making
the June outlook. These were estimated from the 1961-90
period in accordance with definitions provided by the Climate
Prediction Center for use of their climate outlocks. These
quantile estimates are the basis for interpretation of the Cli-
mate Prediction Center's climate outlooks.

The NOAA Climate Prediction Center *'Climate Outlook™’
for June 1995 (made May 18, 1995) over the Lake Superior

Basin is given in Fig. 2 in columns two and three. They are
interpreted, in accordance with specifications: of the Climate
Prediction Center [and as described in the section on “*Mete-
orological Probability Outlooks'’ and in the previous section;
see (12)], to construct the probabilities associated with the ref-
erence quantiles in Table 1; these are given in columns four
through nine in Fig. 2. The shaded entries in Fig. 2 denote
outlook probabilities designated as significant by the Climate
Prediction Center, who suggest that the remainder be estimated
from climatology since they have insufficient skill to make
outlooks in those cases.

The highlighted entries in Fig. 2 are used arbitrarily, in pri-
ority of their appearance, to make the hydrological outlook.
These seven outlook settings and the reference quantiles in
Table 1 are used with inspection of all 45 scenarios to con-
struct the 15 equations represented by (17} in Fig. 3. Table 2
presents the solution of these equations, found by minimizing
the deviation of weights from unity, as in (18), by using the
first procedural algorithm in Fig. 1 (using all scenarios). While
ali 45 scenarios are used (all weights are strictly positive), not
afl of the selected a priori climate settings can be used. The
temperature probability settings for JAS, SON, DJF, and JFM
were used while the temperature probability settings for FMA
and MAM and the precipitation probability setting for JFM
were unused, '

Table 3 presents the solution of the equations with coeffi-
cients in Fig. 3, found by minimizing the deviation of weights
with unity, as in (18), by using the second procedural algo-
rithm in Fig. 1 (maximizing use of the & priori climate outlook
settings}. All seven a priori climate settings, highlighted in Fig.
2, can be included. Table 3 shows that six weights were as-
signed values of zero to enable this inclusion. This means that
the scenarios starting in June 1948, 1952, 1953, 1954, 1970,
and 1987 are unused in the ensuing probabilistic outlook.

Finafly, as an example for one hydrological variable, the
probabilistic outlook for net basin supply (NBS), over the 12
months from June 1995 through May 1996, is given in Table
4. There were 45 values of monthly NBS, corresponding to
the 45 scenarios used in the simulation, for each of the 12
months. Each value was multiplied by its respective weight
from Table 3, as in (9), to compute various statistics for the
probabilistic outlook cach month. Selected quantites from the
forecast NBS probability distribution and the mean and stan-
dard deviation for each montk of the outlook are displayed in
Table 4. Since the weights of Table 3 were used, the proba-

bilistic outlock in Table 4 represents use of all selected a priori
climate outlook settings. :
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CONCLUSIONS

The operational hydrology approach described here uses al
(method 1) or most (method 2) historical information while
preserving many of the long-term meteorological probability
outlocks provided by NOAA's Climate Prediction Center.
Some other approaches severely limit the use of historical data
to be compatible with climate outlooks or use all historical
data only by ignorng thesc outlocks. “The use of a hypothetical
very large structured set of scenarios (matching climate out-
looks) to estimate hydrological outlook probabilities corre-
sponds to the use of the weighted original set of possible future
scenarios estimated from the historical record. (Each scenario
consists of an actual segment of the historical meteorological
cecord and its associated hydrological transformation made
with appropriate models.} The building of this hypothetical
very large structured set is an arbitrary concept that was useful
in defining the weights. The National Weather Service is now
considering weighting methods for their Extended Stueamflow
Prediction (ESP) operational hydrology approach (Day 1985;
Smith et al. 1992) that couple historical time series of precip-
itation with precipitation forecasts (Ingram et al. 1995).

Still other approaches use time serics models, fit to histotical
data, to generate a large sample, increasing precision but not
accuracy in the resulting statistical estimates, Direct use of the
historical record to build a sample avoids the loss of repre-
sentation consequent with time series models. In addition, it
may not he clear how to modify time series models to agree
with climatic outlooks and still be representative of the un-
derlying behavior otiginally captured in the time series mod-
els. Nevertheless, if time series models are used in building
the sample, weighting of this sample, in the mannes described
here, 1o agree with climatic outlooks is straightforward and
stili could be used.

The determination of these weights involves several choices
also made arbitrarily here. For example, the weights could be
determined directly from multiple climate outlooks, as exem-
plified in Appendix 1 for a single climate outlook. This would
involve restrictions on the multiple climate outlooks not con-
cidered in this paper. The formuiation of an - optimization
problem, used here, allows for a more general approach in
determining these weights in the face of muitiple outlooks.
However, this formulation alsa invotves arbitrary choices, the
targest of which is the selection of a relevant objective func-
tion. As mentioned earlier, other measures of relevance of the
weights to a goal are possible and could require reformuiation
of the solution methodology. An early approach, not reported
here, minimized the sum of squared differences between the
relative frequencies associated with the bivariate distribution
of precipitation and temperature before and after application
of the weights. The goal was to make the resulting joint dis-
wribution as similar as possible to that observed historically
while making the marginal distributions match the climate cut-
looks. Unfortunately, the method was intractable for consid-
cration of more than one climate outlook.
~ Also not reported in this paper was an effort where consid-
eration was made of linear objective functions; the weights
were linearly related to a goal of making them as close as
possible to unity. ‘This was an effort to make the cptimization
problem amenable to linear programming solution methodol-
ogies. That way, additional constraints on the weights for pos-
itivity or nonnegativity could be added directly to the opti-
mization and evaluated systematically. The Simplex method
(Wagner 1975) was used to solve the resulting linear optimi-
zation problem. However, the large number of roots conse-
quent in practical problems for a nonunique optimum stiil ren-
dered the solution computationally intractable. Nevertheless.
this formulation could be used in the manner described for the
solution to (20) (where positivity or nonnegativity constraints
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without loss of generality, if a lincar objective function was
deemed more suitable in an application.

An important advantage associated with the computation of
a weighted sample in the operational hydrology approach de-
scribed here, and as with ESP, is the independence of the
weights and the hydrology models. After model simulations
are made to build a set of possible future scenarios for anal-
ysis, several probabilistic outlooks can be generated with
weights comresponding to the use of different climate outiooks,
different methods of considering the climate outiooks, and al-
ternative selections of just which of the 14 outlooks that are
available each month to use. In making these alternative anal-
yses and weights (re)computations, it is unnecessary to redo
the model simulations to rebuild the set. This is a real savings
when the model simulations are extensive, as is the case with
Great Lakes hydrological outlooks. This also enables efficient
consideration of other ways of using the weights to make prob-
abilistic outlooks. For example, our use of nonparametric sta-
tistics in (9) restricts the range of any variable to that present
in the historicat record or in their hydrological transformations.
An alternative that does not restrict range in this manner is to
hypothesize a distribution family (e.g., normal, log-normal,
log-Pearson type 1I1) and to estimate its moments by using
sample statistics defined analogously to those in (9). The de-
tractor for parametric estimation is hypothesizing the family
of distributions to use.

Most significantly, the method allows joint consideration of
multiple meteorological outlooks defined over different lengths
and periods of time. it can be casily extended o incorparate
consideration of six- to i4-day outlooks, for which there is
relatively greater skill, as well as other period outlooks.

Computer code is available, to make all computations (out-
side of the hydrological modeling), for use by others in util-
izing the NOAA Climate Prediction Center ‘‘Climate Out-
look."* The code finds all necessary reference quantiles, for
using a climate outtook, from a user-supplied file of historical
daily air temperature and precipitation, sets up all equations in
(17), formulates the optimization problem of (18), and per-
forms the sequential optimizations {solutions of (20)] with ¢i-
ther method in Fig. 1 (either use all historical data or maximize
use of a priori climate outlook settings). The code is available
both as a stand-alone FORTRAN implementation, for use un-
der a variety of operating systems, and as & specially designed
user interface Windows application. The latter also aftows
readily understandable user interpretation of the NOAA Cli-

mate Prediction Center’s ““Climate Outlooks"™’ and easy user
assignment of relevant priorities.
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APPENDIX |. ALTERNATIVE CONSIDERATION OF A
SINGLE CLIMATE CUTLOOK

Consider probability estimates for a single variable that
match a priori settings, For example. suppose that our 2 prioti
setiings for average tewnperature during the June-july-August
climate outiook (of JJA) Ty, are a 38.3% chance of exceeding:
the 66.7% quantile (determined for JIA within 1961-90)
Toasesn & 28.3% chance of not exceeding the 33.3% quantile
Tiaosn and a 33.4% chance of being between the two

PlTua > Trinocer) = 0383, over the upcoming outiook period
{21a)

BlTua = Thaoin] = 0.283, over the upcoming outiook period
- (21b)



Pltiyaosss < Tha = Thassa] = 0.334,

over the upcoming outlook period (210)

where £ = relative frequency, used as a probability estimate;
and the quantilcs are defined from historical data

P(Tha = Thasesr] = 0.667, over the historical 1961 ~90 period
(22a)

P{T)n = Tyaoan) = 0.333, over the historical 1961-90 petiod
(22h)
We will construct a very large structured set, of size N, of

scenarios with relative frequencies satisfying (21) by dupli-
cating original scenarios, such that

N -

—N—U = P{Tya > Tuaosn] = 0383 (23a)

N .

?L = P[T,“, = Tysoms] = 0.283 (235}
N—N,— N

= Pltiraosn < Tua = Tuaoser) = 0334 (23c)

where Ny = number of scenarios with Tya > Tnasesn and N,
= number of scenarios with Tya < Tiapan- Lhe criginal sam-
ple of n scenarios has ny scenarios with Ty > Tyasss and 71
scenarios with Tpa = Tuaoan Each of the ny scenarios will
be duplicated Ny/ny times and sach of the a, scenarios will
be duplicated N/, times. By making the structured set suf-
ficiently large, the approximations in (23) can be made as close
as desired. In the limit, as the integers N, Ny, and N, grow,
the approximations in (23) approach equalities.

Of the original n scenarios, the ith scenario is tepeated 1,
times, where

N ,
o= Ly Hinar = Tyaas (24a)
m
N .
0= _U- v ‘ifn.u > Tioaossr (245}
Ay
N~ NU - NL

= Y i Tapas € toas = Taaoss (24c)
= fy — n

where ., = average HA air temperature in scenario {. For ¥
sufficiently large, each ratio, r,, is an integer if the probability
estimate settings are specified only to a fixed number of digits.
Statistics can be written as fuactions of either the very large
structured set (x¥, ..., x'), or the original set (x7, ..., X3
For example, the structured sample mean and variance, and
$2, respectively, are

| i
. [ .l
f=— E xb == sl =
NS

[

vt £23a)

-
A
LINGE

M L n
1 1 i
S =LS G- =g D onl = 0= D wad - B
NS NS noa
{25b)
where
n

W, = K’ r, = 0.283 ni‘ v i{‘um = Thaean (260)

L

n
Wy = “h} r, = 0.383 - Y oiltas > Tinoes (265)
v

n
w o=~ = 07334 Yilt < { =T
N n - nu — ﬂ[_ t 1520311 A 1A G ]

(26¢)

If the period 1961-90 was also our entite historical record
then, by definition, n.fn = 0.333 and ny/n = 0.333. Therefore

w, = 0.283/0.333 = 0.850, ¥ ijtyas = Typaosn  (27a)
w, = 0.383/0.333 = 150,V i{iuas > Tracee (276}

W = 0334.“0.334 = 1.00'0. v iiTlIA.ﬂ.!!l < fyas = T)rapss? (27c)

Other statistics can be similarly derived. Furthermore, the
preceding development can be made for variables besides tem-
perature and for any period other than IJA without loss of
generality, including single-month periods. It is also possible
to define altermative very large structured sets based on other
probability quantiles besides the two used here, 33.3% and
66.7%, and on other systematic manncrs of duplicating the
original sccnarios.
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APPENDIX Wll. NOTATION

The following symbols are used in this paper:

A, = set of indices of scenanos containing average air {empera-
ture for period g in the upper third of its 196190 range;
a, = a prori climate outlook probability setting for average air
temperature for period g in the upper third of its 1961-

o0 range;

a,, = coefficient in kth equation on fth weight ({or ith scenario)

in Eqgs. (15), (17, (18), (19), and (20}

8, = set of indices of scenarios containing average air tempera-
ture for period g in the lower third of its 196190 range.
b, = a priori climate outlook probability setting for average air
temperature for period g in the lower thicd of its 1961-

@0 range;

C, = set of indices of scenarios containing average precipitation

for period g in the upper third of its 196150 range:

¢, = a priod climate outiook probability setting for average
precipitation for period g in the upper third of its 1961-

90 range,

D, = setof indices of scenarios containing average precipitation

for period g in the lower third of its 196190 range;

d, = a priod climate outlook probability setting for average

precipitation for period £ in the lower third of its 1961-

90 range,

e, = selected weights sum Yimit in kth Eq. in (15), (1), (18),
(19), and (20), corresponding to an a priori climate out-

took probability setting;

L = objective function (the Lagrangian) for an unconstrained
optimization reformulated from the objective function for
a constrained optimization by incorporating the con-

straints;

m = number of a priori settings associated with climate outicok
information to be used to constrain the operational hy-

drology outlook;

N = number of duplicated scenarios in the hypothetical very
large structured set used for statistical estimation in the

operational hydrology cutlook;

N, = number of duplicated scenarios, in the hypothetical very
large structured set used for statistical estimation in the
operational hydrology outlook, which have Tya = Tnaoas

in Appendix I;
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«*Medium- and long-range forecasting.”” Weather
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£

ra

aumber of duplicated scenanos, In Wie nypothcucal very
large structured set used for statistical estimation in the
operational hydrology outlook, which have T, > . aes
in Appendix [; '
number of scenarios available for use in generating the
operational hydrology outlook;

number of scenarios, available for use in generating the
operationat hydrelogy outlook, which have Ty. = Tyagn
in Appendix I

= number of scenarios, available for use in generating the

wnn

[ ||

#on

operational hydrology outiook, which have Tha > Taoee
in Appendix L;

probability of the event in brackets,

relative frequency in a set, of the event in brackets, used
as a probability estimate;

total precipitation over period g;

total precipitation in period g of scenario f;

duplication count for ith scenario in the original set of
possible future scenarios for the hypothetical very large
structured set;

estimate of varance for variable X,

average air temperature over period g;

average air temperature in periad g of scenario i

weight applied to ith scenario in the original set of pos-
sible future scenarios for calculation of statistics for an
operational hydrology outlook;

a meteorological or hydrological variable;

value for variable X in kth duplicated scenario in the hy-
pothetical very large structured set of N scenarios;

value for variable X in ith scenario in the original set of
n possible future scenarios;

estimate of mean for variable X;

mth ordered value for variable X, corresponding to kth
duplicated scenario in the hypothetical very large struc-
tured set of N scenarios;

= jth ordered value for variable X, corresponding to ith sce-

nario in the original set of n possible future scenarios,

reference total precipitation y-probability quantile for pe-
rod g.

= Lagrange multiplier, representing the penalty associated

nn

with violation of the kth constraint equation in the opti-
mization;

reference ~-probability quantile for variable X;

reference average air temperature y-probability quansile
for period g: and

set of indices of scenarios.



Appendix G

Performance Measures Graphics
for the WSE Implementation Guidelines
(1995 Infrastructure and Water Use Levels)
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Performance Measures for the
Caloosahatchee and St. Lucie Estuaries
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Performance Measures for the
Lake Okeechobee Service Area
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Performance Measures for the

Everglades WCAs
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End of the month depth (feet)

End of the month depth (feet)

Normalized Stage Hydrograph at Cell (R35 C30)
South End of WCA-2B (Gage 2B-21)
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Stage (ft NGVD)

Import Stg Duration Curves for WCA-2A
Gage 2-17 Cell R40 C29
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Performance Measures for
Everglades National Park
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Surface Flow (1000 ac-ft)
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Performance Measures for the
Lower East Coast Service Areas






0s

001

0S1

002

Flow (1000 ac-ft)

0oE

0se

oop ©

d9EA NAIMJS
Ao sesoding Bujuued 104

05711710 B6/0L/2 ) 1318p uny "SYOM PUE MOT 10 pasitdwod 5) walsAg jeucifioy

"SJUIRISUOD 9OUBABALOD 0] 8NP MO 18 AIHIAINIA St eym uBy) 58] 8 ABLL M7 Wol JIAIIDIH Aiddng
SMHBD+ZO1E1+60189 T+05 1 871+0871081+18G191+90 L9 1+HSMPAYBHEES HEESHLES=EVYS 'SYIHNNHYES+EES=EVS

SEHdI+SMYAd I THLY ES+LOSM+SYSLSOHHS YL TH+S8ISM+SMINOY+MISAAvHIAMTHEES=1LVYS (PPN SMOJ) SIMANS (810N

aSMm ISM

SZ2NNY

GZNNY

T T

T T

86

- £01l

£ BOIY 9DIAIRS 7 BA1Y IALG : ] POy 30IATAG

JOTwoy Add 5 ||
0¥ VVa/vOMm woy Aiddng §

4|

(68°G8°18°GL L 2) S1eoA 1uBNO0IQ Al 8U} 10} SBBIY 80IMBS DT
0} salaAlB(] Alddng Jalep) WBlSAS feuolbay jenuuy Uuea|y

0S

a0l

061

00¢

0S¢

(4—o€ 0001) Mo|d

00g

0se

0104



P ash
£ asmy
Z sy
] v

d9'EA WNMIS
AU sasoding Buiuued 104
SEZLL0 86/l ] @ep uny

‘(loqe| erep s|ppiw Aq perealpul) Buiua uosess AiQ (0 pue (18qe) ejep Jemol) sebes (|om 1e6bu] 12007 (Q
(|1eqe] eiep Joddn Aq paieoaipul) suoz wawabeueyy epig Alddng ul sbels e (e Ag paonpu 89 PINCO SUOKDLLSAN 1812M | 8SBUd 810N

ASM SENnNY
I 4 Ve
[ Y 43
AN E D
JSM SZNNY
L 1
.. re Ve
L
B A3 Eh
(RO

0

ve

1517

¢l

96

Ve

%1%

¢l

96

AOBQING JSpPUN) SYIUOW

A2BGIND dspu SUIUOW

aASM GZNNY
T T B
- i et ]
| cE 14
i m
m i i
e
cVSO3
3ISM SEeNNH
Fi A
i ve iz |
Ll ¥
: i i

Auno) yag wied wayuoN vso31

poliad uoleinwis G661 — G961 2yj 10}
syoeqIng A|ddng Jarep) palenWIS 10 SYIUOJ 1O JaguunN

0

be

14

cl

96

144

8

¢l

96

HOBAQIND 18pUN SYIUO

30BIND 19PUA SYIUOW



d9EA WINMAS
Aup sesoding Bujuue|g 104

61:82°20 86/ 1/C ) BlEp uny}

ISM GeNNY 3SM SeNnY

. = = 0 i I 0
g [
L ] Q ] o]
2 2
El El
. 100k 5 | 4 00} 5
o o
o <]
5 - 5
L a

— 002 002
EVSOa R AR B
ASM SeNnd ASM SeNNnd

U ot SN o . — O
. ] 6 | ] =
o A
! E!
T -1 00F & 1 00L §
oy gy j ‘ m M
J1vo 2 2
Liosanp § - m | m
VIS A — el

Sy tqnd e mmm i e+ e S OON e OON

1YSO3T AUNoD yog wied WBYUON VSO

polad uonejnwis JesA Lg ay) 40} (sesso) soedw| abenloys Jsiep (8101






